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A THBORY OF MINERAL SEQUENCE IN HYPOGENE 
ORE DEPOSITS. 


MARK C. BANDY. 


ABSTRACT. 


Progressive change in the ratio of the weight percentage of 
the anion radical to the cation radical as the fundamental control 
of sequence in deposition of minerals is the basic thesis of this 
paper. Evidence is given showing that oxide minerals are de- 
posited in an “ideal” or “normal sequence” in such order that 
each mineral has a larger weight percentage in the anion radical 
than the next older mineral; sulphides are deposited after oxides 
with each younger sulphide having a smaller weight percentage 
in the anion radical than the next older mineral. Textures as a 
means of determining age relationships are discussed. Actual 
sequences of various classes of ore deposits are given and com- 
pared with the theoretical “normal sequence.” 


Part I. 
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INTRODUCTION. 
THE writer proposes to show that in the average simple hypo- 
gene ore deposit ore minerals are deposited in a regular sequence, 
a sequence that can be predicted. The term “normal deposit” 
is used in this paper to describe a deposit that has had a simple 
history, generally a single period of fracturing and ensuing ore 
359 











360 MARK C. BANDY. 


deposition. Mineralization took place in a relatively stable en- 
vironment. In this more or less ideal deposit the ore minerals 
were deposited in a “normal sequence,” a term used in this paper 
to denote a sequence that the writer believes is the ideal toward 
which all deposition tends, a sequence indicated by a chemical 
balance between the anions and cations in the ore minerals. Evi- 
dence and data are advanced to show that the oxide minerals and 
the sulphides are deposited at separate stages. In each stage the 
base metals, i.e., metals of the cation radical, have distinct periods 
of deposition. For example, iron is deposited in a “ normal se- 
quence ” at one period and may be followed by other metals, but 
iron minerals do not precede and then also follow copper minerals. 

The theory is advanced in this paper that progressive change 
in the weight percentage of the anion radical is a fundamental 


” 


feature of a “normal sequence.” In the oxide stage each suc- 
ceeding (younger) mineral has a higher anion percentage than 
the preceding (older) mineral; in the sulphide. stage each suc- 
ceeding (younger) sulphide has a smaller anion percentage than 
the preceding (older) sulphide. This theory is based on the 
recapitulation and comparison of many ore suites studied in the 
field and laboratory over a period of years. Evolved as the 
theory that explains the greatest number of salient facts, it is 
herein advanced, not as a proven theory but as an aid to a better 
understanding of mineral sequence; a concrete theory that must 
be tested by other workers in this difficult field. 


HISTORICAL BACKGROUND. 


Before the microscope was applied in the field of mineralogy 
and geology little was written regarding the sequence of mineral 
formation in rocks and ores. A few references are to be found 
in older writings that describe the banding of ores in veins but 
even these references are vague regarding the actual paragenesis. 
The petrographic microscope encouraged consideration of the 


paragenesis of minerals in igneous rocks and after extended study 
Rosenbush first stated the rule that rock minerals crystallize from 
a magma approximately in the order of decreasing basicity with 
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decreasing age. In other words, during succeeding stages of 
crystallization, the magma has a constantly increasing silica con- 
tent. This rule is accepted today, in a general way, by petrog- 
raphers. 

For several decades after the introduction of the petrographic 
microscope, extremely little progress was made in the technique 
of examination and determination of opaque minerals. Until 
1906, when Campbell and Knight applied the technique of metal- 
lography to the examination of sulphide minerals; paragenesis of 
opaque minerals was a more or less undeveloped branch of 
geology. Prior to that time some work had been done on hand 
specimens and some successions are found scattered in the litera- 
ture. Vugs were best adapted to the determination of para- 
genesis in this manner. In massive ores the criteria available 
were less definite and the successions determined were, in general, 
rather haphazard. Minerals with good crystal outline were re- 
garded as late and rounded grains were regarded as older minerals 
that had been partly replaced and resorbed. 

On the whole there is little to be seen megascopically in mas- 
sive ores that sheds light on paragenesis and it was natural 
enough to come to the idea of simultaneous deposition. The 
term “simultaneous deposition” entered the literature and is 
still used to explain difficult or obscure sequence relationships. 
Ransome (29) after his study of the ores of the Globe District, 
Arizona (1903) makes the statement that 

As far as known, the minerals of the primary sulphide ores were con- 
temporaneously formed and exhibit no regular sequence. Thus, in the 
Bobtail Mine chalcopyrite, sphalerite, galena, pyrite, and hubnerite occur 
together in a quartz gangue. None of the minerals named shows evidence 
of earlier or later origin than the others. 

Since this statement was based on a megascopic study of the ores 
it was entirely justified. 

With the application of the reflecting microscope, a new tool 
was offered, a more refined technique developed, and a great 
forward step was made in the determination of the exact para- 
enesis of ore minerals. Campbell and Knight (10) in the first 
microscopic examination of an ore suite using vertical illumina- 
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tion on polished surfaces, established the following mineral 
succession for the ores of the Temiskaming Mine: 
Early Smaltite 
Niccolite 
( Fracturing ) 
Calcite 
Argentite 
Silver 
Bismuth 
(Oxidation) 
Late © Erythrite and annabergite 
This study marks the greatest step in the history of paragenetic 
studies of the opaque ore minerals. 

As workers began to advance farther and farther into this field, 
a need appeared for a clear statement of the significance of the 
various common textures found in ores. In 1914, Graton and 
Murdoch (17) described a number of textures and interpreted 
their significance. This paper was followed by many others, but 
unfortunately the various writers were neither critical nor con- 
sistent in their use of terms, either in the use of new terms or 
in the interpretation of terms proposed by others. As a result, 
textural terms used by one writer with a definite significance 
would be used by another writer to describe other textures and 
might even be given other interpretations. Many textural terms 
lost their value and fell into disuse and other terms have been 
so abused that they are all but worthless today. Many standard 
textures common to certain minerals or groups of minerals in 
different mining districts were given diverse interpretations by 
different writers; this is still going on today and will no doubt 
continue for many years to come. 

Many papers that discussed these textures and gave various 
interpretations are worthy of note (3, 22, 30, 33, 34, 43). A 
paper by Gruner (20) in 1929 is important in that it discussed 
the oriented intergrowth texture in a very complete manner. 
Several papers by Schwartz discussed the intergrowths of vari- 
ous copper minerals, especially the graphic type of intergrowth. 
In 1930, Lindgren (26) wrote an important paper discussing 


the eutectic and pseudoeutectic textures in ore minerals. This 
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work is a model of presentation and a definite interpretation is 
given to the textures described. 

This period of textural description and interpretation probably 
culminated in 1931, in a paper by Bastin, Graton, Lindgren, New- 
house, Schwartz, and Short (5). <A large number of textures 
are discussed in this paper and their significance in relation to the 
paragenesis and the origin of the minerals involved, is treated. 
This paper does not give a definite answer or interpretation to 
many perplexing problems but it tended to clarify the subject, al- 
though, to judge from papers written since then, its conclusions 
have not been generally accepted in many cases. 


TEXTURES OR PATTERNS. 


Texture or pattern is the primary and practically the only 
criterion now in use to determine the sequence of opaque minerals. 
A number of textures have been described and named, as men- 
tioned before, and are used with more or less confidence by vari- 
ous workers. Some textures are more diagnostic than others but 
rarely do writers examine critically the textures they use. Ii a 
sequence is based solely on the study of polished sections of a 
suite of specimens, unaccompanied by detailed field work, the 
present writer would regard it as of little or no value. Yet the 
literature is filled with sequences based solely upon suites of 
specimens from mines the author has never seen. This is prob- 
ably the cause of many of the contradictions existing in the litera- 
ture today. It is not within the scope of this paper to discuss all 
the patterns that have been described and used, but a few of the 
more common ones will be discussed. 

Vug Coatings—This is probably the most. satisfactory cri- 
terion available although it has a very limited application. There 
are several pitfalls in its use. In many deposits some minerals 
show a marked selectivity in coating other minerals. In these 
cases, unless the worker has a background of detailed field ex- 
perience errors will be made. Specimens from Chojfiacota, 
Bolivia, show crystals of chalcopyrite apparently overlapping 
crystals of sphalerite, yet detailed field work shows the principal 
stage of chalcopyrite to precede sphalerite. 
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Inclusions.—Inclusions are widely used to determine age re- 
lationships and many writers rely upon this texture without 
question. The writer regards this texture as unreliable and one 
that must be used with extreme caution. Fig. I illustrates a 
case that is believed to be misleading. The galena appears as 
inclusions and sphalerite shows a “caries” border against one 


‘ 


of the inclusions, indicating that the sphalerite is “eating into” 
the galena, according to common interpretation. With oblique 
illumination, the galena is found to occur only at grain boun- 
daries of the sphalerite, and the inclusions are more apparent 
than real. If the galena is replaced by sphalerite, certainly some 





Fic. 1. Showing inclusions of galena (white) in sphalerite (dark 
gray) with minute exsolution (?) blebs of chalcopyrite in sphalerite. 
X75. Quincy, Mass. 


of it should appear within sphalerite grains. If both minerals 
were opaque, few workers would hesitate to place the sphalerite 
as the younger mineral. A decade ago inclusions, as an indicator 
of sequence, were seldom questioned by most writers, but as more 
and more critical work is being done they are becoming less 
important. 
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Caries Pattern—This has been mentioned in the preceding 
paragraph. Where this pattern is developed to a considerable 
degree of perfection it can be used in many cases to indicate age 
relationships but as it is less perfectly developed it becomes useless 
or misleading. Only rarely can it be used with safety. 

Network and Pseudomorphic Textures—These are rarely de- 
veloped and difficult to recognize. The network pattern formed 
by exsolution is similar to that formed by centrifugal replacement 
leaving an unreplaced rim. The latter texture is so rare and so 
difficult to establish that it is of little value and extremely mis- 
leading where incorrectly interpreted. 

V einlets—Veinlets of one mineral crossing another mineral 
form a pattern that has long been regarded as infallable in mineral 
sequence determinations. Recently Graton* coined the term 
“antecedent veinlets”’ for veins with walls that have later been 
selectively replaced, so that the mineral now constituting the walls 
is younger than the vein. Such a relationship has been recog- 
nized by Graton in several ores. Hence, veinlets of one mineral 
crossing another may be either younger or older than the “ host” 
mineral, and this veinlet pattern can only be used after critical 
examination. If used critically this is one of the best patterns 
in the writer’s experience. 

Grating Texture or Pattern—The grating pattern and its 
variations is highly important in determining mineral sequence, 
and has direct bearing on the theory advanced in this paper. The 
term “grating pattern”? conjures up a definite image in the 
reader’s mind, t.¢., plates of the included mineral arranged along 
crystal planes of the host. However this term is unfortunately 
being extended to include patterns that have little in common 
with the above image. ‘This pattern and its variations will be 
briefly considered. 

Grating Pattern in Oxide Minerals—The following grating 
patterns involving oxide minerals are mentioned in the literature, 
Ilmenite in magnetite 
Hematite in magnetite 


1 Personal communication, 
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Ilmenite in hematite 
Spinel in magnetite 
Rutile in magnetite 
Rutile in hematite 


These patterns have been interpreted as generally due to un- 
mixing of a solid solution although it is generally recognized that 
a similar texture can be formed by replacement (5). Gruner 
(20) makes the point that “It is found that intergrowth takes 
place only on those crystallographic planes in which the atomic 
arrangement and spacing are almost alike,” and gives atomic 
lattices to prove his point. It might be pointed out that many 
of the lattices are not similar but the periodicity in the two planes 
at the junction is the same. Even granting the validity of 
Gruner’s generalization, these planes might also be the planes 
along which an atom could move with greatest ease, in other 
words, planes along which replacement could occur and leave the 
least external evidence. 

Grating Pattern in Sulphide Minerals—tThis pattern is less 
common in sulphides than in oxides. A number of grating tex- 
tures have been reported that involve copper minerals and it is 
difficult to judge from the texts whether the textures are due to 
hypogene or supergene processes: The following textures, prob- 
ably hypogene, are mentioned in the literature,—Chalcopyrite in 
bornite, dyscrasite in silver, chalcopyrite in stannite, cubanite in 
chalcopyrite, matildite in galena, brongniardite in cosalite, poly- 
basite in galena. Inclusions of chalcopyrite in sphalerite (dis- 
cussed below ) rarely, if ever, form true grating textures as defined 
here. 

In the oxides as well as in the sulphides, the included mineral 
in all cases has a higher anion percentage than the host mineral. 
In terms of the theory advanced in this paper, the included mineral 
in the case of oxides is a younger mineral than the host; in the 
case of sulphides, the included mineral is older than the host. 

Inclusions of Hematite in Ilmenite—Irregular, lens-shaped in- 
clusions of hematite in ilmenite (27, 35) are mentioned in the 


literature and commonly regarded as due to exsolution, Definite 
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proof against replacement is lacking, however. In the writer’s 
experience these inclusions never develop the true grating texture 
as shown by the other oxides mentioned above. The anion per- 
centage relationship of these two minerals is opposite to that of 
the rest of the oxide minerals. 

Oriented Bleb Inclusions——Oriented inclusions of blebs, dots, 
dashes, and rods of minerals in sphalerite and stannite form a 
well known texture. The more common minerals showing this 
relationship are chalcopyrite in sphalerite, pyrrhotite in sphalerite, 
chalcopyrite in stannite, sphalerite in stannite. These inclusions 
may be well oriented or distributed at random in the host. They 
are generally considered to be the result of exsolution, although in 
some cases they are regarded as due to replacement. The writer 
is making a study of this texture in the field and laboratory and 
the results will be published at some future date. It should be 
pointed out that the included mineral contains a higher anion per- 
centage than the host in each case. The host mineral is younger 
than the included mineral, judged by the “normal sequence.” 
Can this texture be used as a criterion ‘of sequence in that the 
included mineral represents an older mineral replaced by the 
younger (host) mineral with subsequent exsolution ? 

Mutual Texture. The mutual texture or pattern, first de- 
scribed by Graton and Murdoch (17) in 1914, was believed at 
that time to be diagnostic of simultaneous deposition of the min- 
erals having mutual boundary relationships. Since it was first 
described the term has been frequently applied to cases in which 
true geometric mutuality is lacking. The “normal sequence” 
theory does not support the idea of true simultaneous deposition 
except as an unimportant process, taking place under exceptional 
conditions. The minute inclusions of minerals in galena, too 
small to determine, may be a case of simultaneous deposition. 
When a true mutual texture is encountered the “ normal se- 
quence ”’ would indicate which mineral is the older. Fig. 2 shows 
such a texture. The “normal sequence” would indicate that 
the chalcopyrite is the older mineral, being replaced by bornite. 
Carrying the application of this theory one step further, should 
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supplementary data show the chalcopyrite to be definitely younger, 
careful search would be made for evidence of supergene deposition 
or hypogene deposition under unusual conditions. 





Fic. 2. A mutual texture of bornite (dark gray) and chalcopyrite 
(light gray). From this texture alone it would be difficult to determine 
age relationships of the two minerals. 80. Bingham, Utah. 


Eutectic, Pseudo-eutectic, and Graphic Textures. The difficul- 
ties inherent in the interpretation of the mutual texture are found 
in these textures. The term “eutectic texture” is gradually 
dropping out of the literature. If the term “ is used 
in its strict sense, few, if any ore textures would fall in this type 
as pointed out by Fenner (14). 


” 


eutectic 


Since the paper by Lindgren (26) on pseudo-eutectic textures, 
workers have become more critical of this texture. References 
to simultaneous deposition as the origin of these textures are 
rapidly disappearing. Much of the discussion regarding these 
textures revolves around the mineral allemontite. This mineral 
is an alloy of arsenic and antimony and outside the field of 


application of the “ normal sequence ”’ theory. 
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Dendritic Texture—Some minerals form dendritic or skeleton 
crystals and then fill this framework. Later minerals may re- 
place, preferentially, either the skeleton or the outer portions. 
This gives rise to very striking textures that, when recognized, 
can be interpreted with ease. Failure to recognize this texture 
has led to much confusion and error. For example, what is the 
significance and origin of the skeleton crystals of sphalerite 
(zincblendesternchen) in chalcopyrite at Ducktown, Tenn. (13) ; 
Ivigtut, Greenland; Hyder District, Alaska (22); Kaveltork, 
Sweden; and Pfunderer Berg, Tyrol? There is no agreement 
in the literature yet this is a widespread texture. 

The writer has no wish to question the general value of tex- 
ture in determining mineral succession. This must remain the 
ultimate criterion. However, there is at present a widely diver- 
gent and in many cases a more or less evenly divided opinion as 
to the significance and interpretation of many of the more im- 
portant textures and little or no agreement on any of them. In 
the case of many deposits there is no agreement as to the mineral 
succession even where studies have been made by equally com- 
petent workers. Unfortunately, at the present time, library facili- 
ties are not available to the writer and definite comparisons of 
agreements and consistency between different workers on indi- 
vidual deposits cannot be made. ‘The reliability of interpretation 
of textural relationships depends a great deal upon the experience 
of the worker and yet, with experience, one unconsciously de- 
velopes certain prejudices in regard to individual sequence rela- 
tionships and becomes less critical of the varying textural rela- 
tionships these minerals may show. Beginners in the field of 
mineralography will naturally have a tendency to accept certain 
textures without question and sequences based on these textures 
will be recorded in the literature. Mineralography is a branch 

f the science of ore deposition in which there is a very small per- 
centage of specialists in proportion to the number of actual prac- 
titioners and certainly there is no great amount of agreement 
among the specialists. 


The theory herein advanced is not a panacea and cannot be 
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followed blindly. It may prove to be as valueless as some of 
the textures that have been used from time to time and then dis- 
carded. To the writer, the one advantage the theory possesses 
above all others is that it offers a concrete measure by which all 
sequences can be judged. It is admitted that many ore deposits, 
in fact the majority, do not agree entirely with the “ normal se- 
quence ” but these are the deposits where the application of the 
theory should prove to be of the greatest value. The disagree- 
ments serve as warnings and should create a more critical atti- 
tude on the part of the worker. Disagreements should produce 
one of two results: first, a more critical study of the textures to 
check the sequence and if the textural interpretations were cor- 
rect, one should study the depositional environment looking for 
causes of reversals, or more than one period of mineralization. 
The second result would be an absolute disagreement with the 
“normal sequence ” theory and as these disagreements decreased 
or accumulated the theory would thereby be either strengthened 
or discarded. 


THEORIES ON THE CAUSE OF MINERAL SUCCESSION. 


Long before the introduction of mineralography as a branch 
of economic geology, experiments were conducted in the attempt 
to ascertain the cause and order of deposition of simple sulphides 
from ore-bearing solutions. As long ago as 1837, E. F. Anthon 
(1) studied the precipitation of metals from soluble salts by in- 
soluble sulphides. A similar but much more elaborate series of 
experiments were carried on in the eighties of the last century by 
Schtrmann (32). In each of these investigations a series was 
established, in which the sulphide of any one of the metals in the 
series would be formed at the expense of any sulphide lower in 


the series. The series of Schiirmann is given on a later page. 
This series is somewhat analogous to the well known electro- 
chemical series of the chemical elements. Schtirmann considered 
the series to represent the order of the “ affinities ’ 
for sulphur. 

An important paper appeared in 1915 by R. C. Wells (50) 
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on the effect of solubility in precipitation of ore-forming com- 
pounds. The conclusions reached by Wells are of considerable 
importance regarding the precipitation of sulphides from aqueous 
solutions. He concludes that 

The concentration of the sulphur ion is so greatly affected by change 
of acidity that this change is the principal factor determining the precipi- 
tation of sulphides. 

The solubility of the several sulphides, however, differs so greatly that 


complete separations by fractional precipitation are possible, for example, 
copper from zinc. 


A mixture of two metallic salts yields by fractional precipitation an 
initial precipitate containing the sulphides of both metals, but as a rule, 
if the mixture is heated or is permitted to stand, one sulphide largely or 
wholly redissolves. 

Earlier than the work of Wells, Weigel (49) had shown from 
his experiments the relative solubility, in water, of the common 
sulphides to be, Hg, Ag, Pb, Cu, Zn, Ni, Fe, Mn, reading from 
the least soluble to the most soluble. 

A tabulation of the results of these three investigations is given 
below for comparison. 

Schiirmann (1888) and Wells (1916) Pd, Hg, Ag, Cu, Bi, Cd, Sb, Sn, 
Pb, Zn, Ni, Co, Fe”, As, Th, Mn. 
Weigel (1907) Hg, Ag, Pb, Cu, Zn, Ni, Fe, Mn. 

The difficulty in applying these sequences to ore deposits is 
that the ore minerals as a rule come out, not as the common sul- 
phides but as compounds of more than one metal. Consider the 
three metals, copper, lead, and iron. Lead falls between copper 
and iron in relative solubility, yet in ore deposits the bulk of the 
lead is deposited after both copper and iron. These series repre- 
sent precipitations from aqueous solutions that differ from natural 
hypogene solutions. There are a number of disparities between 
the conditions of these experiments and natural conditions that 
stand in the way of any close application to natural phenomena. 


Relation of Mineral Properties and Paragenesis. 


The physical and chemical properties have been recognized to 
vary with the position of the different minerals in any general 
paragenetic sequence. An early paper by Gilbert (16) stressed 
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the relationship of hardness of minerals and mineral succession. 
In 1928, Newhouse (28) sought to summarize all the factors 
that appear to vary in a general mineral sequence. His tabula- 
tion is a very thorough one and as a result of the study he con- 
cluded that the dominant factor is solubility; and, based on the 
findings of Schiirmann, Weigel, and Wells, he concluded that 
the early formed minerals are the more soluble and the later 
minerals are relatively insoluble, an erroneous conclusion ac- 
cording to the experience of the writer. Some of the factors 
mentioned by Newhouse and others, as well as some additional 
factors that the writer has never seen mentioned in the literature 
are discussed below. 

Hardness and Power of Crystallization—The conclusion 
reached by Gilbert (16) is that the older the mineral in a given 
sequence, the greater is its power of crystallization and the harder 
the mineral. This is true for many minerals but it would be 
difficult to use it as a critical check on a given sequence. Con- 
sider the relative powers of crystallization of chromite and stib- 
nite, pyrrhotite and galena. It would be difficult to establish the 
sequence of pyrrhotite, pentlandite, chalcopyrite, sphalerite, stan- 
nite, and tetrahedrite on the basis of hardness. If one considers 
the general sequence to be oxides, sulphides, elements, then there 
is a certain agreement with the conclusions of Gilbert. Tertsch 
(41) has made a study of hardness of minerals and concludes 
that hardness is in part due to atomic structure, although min- 
erals of the same structure vary widely in hardness. His tabu- 
lation of minerals according to contained elements shows some 
relationship between hardness and ionic radii. 

Atomic Weight—Atomic weight variations must be compared 


with elements and not compounds, except in a general way. 
Many elements occur in the form of both oxide and sulphide or 
sulphide and element but probably iron and very improbably tin 
are the only elements that occur in all three forms in hypogene 
ore deposits, or igneous rocks. With oxides preceding sulphides 
and sulphides preceding elements, it is impossible to establish 
elements according to atomic weight and compare them with a 
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general sequence except in a very broad way. In general, ele- 
ments of low atomic weight are early and occur in deposits of 
close magmatic affiliations. Elements of low atomic weight have 
a greater tendency to form primary oxides, and those of high 
atomic weight have a greater tendency to occur as sulphides and 
natural elements. 


Melting point—Among the oxides there appears to be a pro- 
gressive increase in the melting point with decrease in age. 
Melting point 
Early Cassiterite ........ L¥27> C. 
Magnetite ......... 1538° 
Pematiierss). 3... 2.5 1560° 
PALE: Ss WMG: aro %oss's 0 Sc Vin 1640° 


Later in the paper evidence is offered to establish the foregoing 
as a general succession. In the case of sulphides there is no such 
agreement between a general sequence and the melting points. A 
few melting points are given as an illustration. 


Melting point 


Molybdenite <0: 5 <2¢-5.: 185° C. 
PETIA po oie talerrcois usauekrs Lagi: 
A ieeRRRSRE Ue ae ayes aie I114° 
INSCOOMEC <n os <4 Side a Si g68° 
EYTENOURS: <oc2.8o ets 3 700° 
UNC ECE! CLP Fo eg a ae 175° 


Boiling Point, Vapor Pressure, and Molecular V olume—Data 
on these properties are so few that relationships to a general se- 
quence cannot be discussed to any advantage. 

Heat of Formation.—There are few data available on the heats 
of formation of minerals. Available data on three oxides show 
a consistency with a general sequence, namely, an increase in the 
heat of formation with a decrease in age. 


Early Cassierite- <2 2. &.-. 578 joules 
Magnetite ........ 798 
Late Hematite: 65... <<: 1117 


It is to be observed that heats of formation vary in general with 
melting points. 

Density— Density is considered to increase with a decrease in 
age of formation. In the case of sulphides this is true as a broad 
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generalization, but there are many exceptions. In the case of 
oxide minerals it would appear that there is a decrease in density 
with decrease in age, an opposite trend from sulphides. 

Other Properties—vThere are a number of other properties 
that vary in a general way in a sequence but they are so vague 
and the exceptions so numerous that they have little value. An 
example is the complexity of chemical composition. Since later 
minerals commonly carry more elements, and impurities are more 
common and abundant in many cases, there is a general increase 
in complexity with decrease in age. Also, with more elements, 
the molecular structure becomes more complex. 

Of all the properties mentioned in the foregoing paragraphs 
hardness is the most closely tied to sequence. It is related to the 
particular way in which atoms combine to form crystals and this 
in turn depends upon the physical-chemical conditions prevailing 
at the time of composition. 


RATIO OF ANIONS TO CATIONS AS THE CONTROL OF 
MINERAL SEQUENCE. 


As already stated in the introduction, progressive change in 
the ratio of the weight percentage of the anion radical to the 
cation radical as a fundamental of difference in age of deposition 
of minerals constitutes the basal thesis of this paper. The theory 
was developed by the writer over a period of years and was be- 
lieved by him to be original. After access to library facilities, he 
has found that, like many other ideas, the germ of the idea can 
be found in earlier writings in one form of statement or another. 
Schirmann (32), in explaining the order of deposition of sul- 
phides in the experiments he conducted, points out that the ele- 
ments in the sequence he had established show a varying sulphur 
content. 

Diese Abweichungen hangen wohl ohne Zweifel damit zusamen, dass in 


den verschiedenen natiirlichen Familien die Affinitat zum Schwefel in sehr 
verschiedenen Weise . . . zunimmt. 


In 1928, Newhouse (28) made the statement, 








Par 


centag 
decrez 


Althc 
inde 
prior 
So 
eral | 
of h 
years 
depo 
numl 
whos 
in th 
and 
amir 
depo 
shou 
oxid 
the 1 
a 
aside 
Har 
in p 
chen 
that 
of t 
ginn 
as O} 
card 
cons 
S 
the 
que 
a sn 
a gr 





of 


ies 
rue 
An 
ter 
ore 
ase 


»hs 
the 
his 


ing 


Poin 
the 
‘ion 
ory 
be- 
, he 
can 
her. 
sul- 
ele- 
hur 


ss in 
sehr 








MINERAL SEQUENCE IN HYPOGENE ORE DEPOSITS. 375 


Parallel to this change in hardnes is a general increase in weight per- 
centage of metal content down through the sequence with a complementary 
decrease in amount of sulphur. 


Although the conclusions offered in this paper were arrived at 
independently of any work of others, no claim can be laid to 
priority. 

Some years ago the writer started to study the causes of min- 
eral deposition in an orderly sequence as exemplified in a number 
of hypothermal and mesothermal deposits. Over a period of 
years he had had an opportunity for field study of a number of 
deposits, most of them simple hypothermal and mesothermal. <A 
number of sequences were selected and minerals in each sequence, 
whose position had been established beyond reasonable doubt both 
in the field and laboratory, were combined into a general sequence 
and this general sequence and the individual sequences were ex- 
amined. It was felt that there must be some order to mineral 
deposition in ore deposits; that it was not haphazard; that it 
should be predictable. At the beginning it was apparent that the 
oxides preceded the sulphides and the sulphides were followed by 
the native elements. 

The physical properties of the sulphides were examined but, 
aside from hardness, no other property was generally consistent. 
Hardness was too indefinite to be used as a check and was useless 
in predicting a relationship between two minerals. When the 
chemical composition was tabulated it was immediately apparent 
that there is a definite relationship between the weight percentage 
of the anion radical and the age of the mineral. From this be- 
ginning a critical study was made of such ore suites and mines 
as opportunity permitted. During the study many ideas were dis- 
carded and the original concept of the theory was modified to a 
considerable extent. 

Stating the theory in its general form the writer holds that 
the sulphide minerals are deposited in a “‘ normal” or “ideal se- 
quence ” in such a manner that each succeeding sulphide contains 
a smaller weight percentage of the anion element or elements and 
a greater weight percentage of the cation element or elements than 
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did its immediate predecessor. The oxides follow an opposite 
trend, the weight percentage of the anion element is greater in 
sach succeeding (younger) mineral. 

Definition of Terms.—By “ normal sequence” the writer has 
in mind the sequence of deposition that would presumably take 


‘ 


place in any ore deposited under “ normal” or simple and ideal 
conditions, i.e., not subjected to crowding, telescoping, stretching, 
etc., during deposition, or rejuvenation of mineralizing solutions, 
effective changes of wall rock along the vein, or similar changes 
common in ore deposits. 

Anion is used in the sense of the sum total of those elements 
that act as negative elements in mineral combinations. In ar- 
senopyrite, FeAsS, the sulphur and arsenic together make up the 
anion of the mineral and iron the cation. In enargite, Cu;As5,, 
sulphur alone makes up the anion and copper and arsenic the 
cation. 

A General Survey of the Problem.—To illustrate some of the 
problems of mineral succession, the following sequence may be 
examined. 





Cation. Anion. 
| Fe% | Tigg. | Nig. Cu%.| Sb%.| Pb%.| Au%.| O%. | As%-| S%- 
OXIDES (Early) | | | | | 
Magnetite.........] 72.4 | | 27.6 
SSPRIBUILE, . os oct 24 70.0 | | | | | | 30.0 
Rimenibe. <<... ..<-.5 36.8 | 31.6 | | 31.6 | 
SULPHIDES | | | | 
Arsenopyrite.......] 34.3 | | | 46.0 | 19.7 
Uae 40.6 | | 53.4 
Pyamnotite: ...< 52155 60.4 | | 30.6 
Pentlandite........ 2.2 22.0 | | | 36.0 
Chalcopyrite.......| 30.5 | 34-5 | | 35.0 
Bornite IT.1 | 63.3 25.6 
Tetrahedrite fire | 52.1 | 24.8 | | 23.1 
Bournonite....... | 13.1 | 24.7 | 42.5 | | 19.7 
Oe ORE Oe | 86.6 | | 13.4 
ELEMENTS (Late) | | | | | 


hi, courses | | | | 100.0 | | 





‘ 


Portions of this “normal sequence ” are described from many 


deposits. In the oxide sequence the decrease in the cation con- 
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‘tent and an increase in the anion, oxygen, content is to be noted. 


Rosenbusch stated that minerals crystallizing from a magma 
caused a constant concentration of the acid elements of the magma 
in each succeeding period and the minerals themselves were more 
acid in each succeeding period. Oxides, that are so closely re- 
lated to the magma in time, space, and mode of formation, ap- 
parently follow this same rule in most ore deposits or hypogene 
concentrations of oxides. 

The sulphides represent another type of deposition. In all 
“normal deposits’ the writer believes that there is a chemical 
“break”? between the period of oxide deposition and the sul- 
phide period, and once this line between the two types of minerals 
is passed, oxides will not form again. 

In the foregoing sequence it is to be noted that the cation per- 
centage of iron rises from a low figure to a maximum and then 
drops off again, the maximum percentage occurring in the min- 
eral pyrrhotite. Following pyrrhotite, the percentage of iron de- 
creases and copper appears likewise rising to a maximum in bor- 
nite and decreasing in succeeding minerals. Following copper, 
lead reaches a maximum in the mineral galena. If nickel min- 
erals had been included in the sequence it would have been found 
that the maximum for nickel follows the iron maximum. In this 
sequence as one metal rises to a maximum and then decreases and 
while the succeeding metal follows the same cycle, the anion 
percentage progressively decreases. 

This concept of maximum percentages of various metals in a 
mineral succession has interesting applications to sequence studies. 
For example, after a period of pyrrhotite deposition, either en- - 
tirely new minerals must form, 7.c., minerals with new cation 
elements, or, if iron is still present in the solution it must com- 
bine with some other element that is capable of forming minerals 
of higher cation content than pyrrhotite It would appear that 
once iron minerals start.to form they continue to form until the 
iron is completely removed from the metallizing solutions. In- 
terruptions do not occur in the “ normal sequence.” 


An exception to the above statement might be cited. Bornite, 
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chalcopyrite, and enargite are commonly associated in ore de- 
posits. If deposits that contain these three minerals result from 
a continuous, uninterrupted flow of solutions, depositing minerals 
under ‘ 
these three minerals stands as a contradiction of the 


‘normal ” or ‘ideal ’’ conditions, then the association of 
* normal 
sequence” theory. This relationship is discussed later under the 


paragenesis of mesothermal deposits. 


FACTORS AFFECTING THE ANION-CATION RELATIONSHIP 
IN MINERAL SEQUENCE. 


The writer cannot express a definite conclusion regarding the 
cause or causes back of the cation-anion relationship in mineral 
successions. It is undoubtedly some physico-chemical control 
that affects the solubility and saturation or supersaturation of 
the minerals. As stated before, the writer believes that the solu- 
tions depositing oxides undergo some change of physico-chemical 
balance when they cease depositing oxides and begin to deposit 
sulphides. It is not certain whether available oxygen is an in- 
herent quality in metallizing solutions in magmatic environments, 
i.e., as regards deep seated deposits with high temperatures and 
pressures, or whether oxygen is abundantly supplied through dis- 
sociation of H.O in the solutions due to sudden decreases in 
pressure with relatively no attendant drop in temperature. The 
writer is inclined to the latter view and believes that the oxides 
may “normally” be deposited from acid solutions, while the 


sulphides are “normally ’’ deposited from alkaline solutions. 

In other words, at high temperatures and pressures, tempera- 
tures and pressures above those of sulphide deposition, the ore 
solutions are “ oxidizing.” Reactions take place that provide 
abundant oxygen for the formation of oxide minerals. As cool- 
ing proceeds each succeeding mineral contains a higher percentage 
of oxygen. At certain temperatures and pressures oxides cease 
to form and the solutions pass into a physico-chemical environ- 
ment in which only sulphides can be deposited. As this sulphide 
field is approached there is an oxygen ion pressure in the solutions 


that results in the formation of minerals that are oxygen-rich, so 
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to speak. Magnetite may be followed by hematite which extracts 
or uses up all the available oxygen and then, in the sulphide field, 
the iron deposition continues as pyrite. 

After the metallizing solutions enter the sulphide field condi- 
tions change. At the higher temperatures the anion elements, 
principally sulphur, are available in quantity and it appears that 
conditions favor the deposition of anion-rich minerals. As more 
and more of the anion elements are extracted there is a constantly 
decreasing quantity available and the cation elements gradually 
extract, through combination, smaller and smaller amounts. If 
all the anion elements are combined and there is an abundance of 
cations, these will deposit as native elements or metals. 

The feregoing analysis is entirely theoretical and the writer 
cannot support it at the present time with experimental data, nor 
can he quote the data of others. Should the theory of a “ normal 
sequence” be favorably received, other workers, more capable 
than the writer, may be able to furnish data that could explain 
the cation-anion relationships in mineral sequences. 

Reversals—Before comparing various actual mineral succes- 
sions with the theoretical “ normal sequence,” causes of reversals 
will be briefly considered. By “ reversals” the writer refers to 
the deposition of high-temperature minerals after low-temperature 
minerals; an extreme example would be pyrrhotite following 
galena. 

Any reversals that might take place in depth, in the near- 
batholith zone, due to suddenly reduced pressure or temperature 
as the ore solutions leave the igneous source, would tend to be 
obliterated. As pressure and temperature built up following any 
drop and with long continued flow of solutions, unstable minerals 
would be removed and deposited at their proper level. If drops 
in temperature or pressure occurred at higher levels the ability 
and opportuuity for removing any unstable minerals would di- 
minish as the surface was approached. Consequently, in the 
epithermal zone little agreement would be expected between the 
actual sequence of deposition and the theoretical “normal se- 
quence.” In other words, the deeper the deposit the closer should 
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be the agreement between the actual and the “ normal ”’ sequences, 
other factors being equal. 

Llallagua, Bolivia, offers an illustration of a reversal with no 
subsequent readjustment. This is a typical high-temperature, low- 
pressure deposit, formed near the surface. As the first solu- 
tions reached this shallow zone there was a dumping of bis- 
muthinite followed by a relatively long period of cassiterite and 
wolframite deposition. These oxides were rapidly deposited and 
there was no opportunity to remove this unstable mineral. Any 
bismuthinite however, that escaped coating by these oxides was 
removed later, with the result that uncoated bismuthinite crystals 
are very rare except late, acicular crystals deposited during the 
sulphide stage. 

Wall rock undoubtedly exerts an influence on mineral deposi- 
tion in many deposits and may or may not cause reversals. Re- 
versals due to wall rock influence are very rare in deep-seated 
deposits and are uncommon even in shallow zones. 

The writer believes, from field studies, that sudden drops in 
pressure with more or less constant temperature change mineraliz- 
ing solutions from alkaline to acid. Sulphides are deposited from 
acid solutions in the reverse order from that of the “normal 
sequence.” This change to acidity of the solutions is probably 
the most important single cause of reversals in shallow and 
intermediate deposits. 

A deep-seated deposit consisting of a single strong vein is the 
ideal condition for close agreement between the actual and 
“normal” sequences. As the deposit becomes more complex 
structurally, it is obvious that the actual sequence will depart 


further and further from the “normal” sequence. In the case 
of large deposits with numerous veins, the literature indicates 
little agreement between actual and ‘“ normal” sequences. Like- 
wise there is little agreement between the sequences determined 
by different workers, for example, Butte, Montana. In these 
large, complex deposits different periods of mineralization follow 
one another, usually accompanied by fracturing, and any attempt 


to determine a detailed mineral sequence that will apply to all 
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parts of the deposit is impossible. In different parts of the de- 
posit a later, higher temperature period will be superimposed on 
a lower temperature, earlier period with reversals. Use of the 
“normal sequence ” theory as a measuring stick leads to a better 
understanding of the conditions of deposition and aids in working 
out a complex history. 

Other causes of reversals, such as heating of wall rocks, will 
not be considered. Reversals are common in mineral deposits 


‘ 


but the writer believes that the “ normal sequence” theory has an 
important application in this field. Reversals are caused by some 
unusual condition, some change in the orderly sequence of min- 
eralization, and the “normal sequence” will give a clue to the 
condition, a clue to be followed up in the field or laboratory. In 
the light of the “normal sequence” such changes must be ex- 
plained and may be found to be important or of no consequence. 
To the experienced worker certain unusual sequence relationships 


or reversals are highly suggestive. 


(To be concluded in the following number.) 














ROCK ALTERATION IN THE UCHI GOLD AREA.’ 
J. D. BATEMAN. 


ABSTRACT. 


A genetic relationship between granitic intrusion and gold 
deposition is proposed for the Uchi gold area, where it is shown 
that the intrusion of the younger granite, introduction of dike 
rocks, mineralization, and wall rock alteration are all related parts 
of a sequence of geologic events connected with a single period of 
magmatic activity. 


INTRODUCTION. 

FoR many years lode gold deposits in almost all parts of the world 
have been considered to have originated in the emanations derived 
from granitic intrusives. This belief, which has become so firmly 
rooted as to be axiomatic, is based on the widespread recognition 
of the spacial relations of granitic intrusives to gold deposits. 
Detailed geologic studies in many gold-producing districts show 
that the time of gold deposition post-dates the emplacement of the 
intrusive rocks, generally by a considerable geological interval; 
however, a genetic relation between gold deposits and intrusives 
is commonly accepted on the basis of suggestive field evidence, 
but can seldom be proven. This condition was recognized by E. 
L. Bruce (1),° who in 1937, pointed out that in the case of some 
gold fields in Ontario and northwestern Quebec, the relationship 
of the orebodies to the granitic masses is structural only; that is, 
that the massive intrusives acted as buffers to stresses, with the 
consequent localization of fractures in the rocks about them. 
Such fractures then formed favorable zones of permeability for 
later gold deposition. 

More recently Henderson and Jolliffe have shown (2) that, at 
Yellowknife and Gordon Lake in the Northwest Territories, the 
gold deposits in the sediments are structurally related to early pre- 


1 Published by permission of the Provincial Geologist, Ontario Department of 


Mines. 


2 Numbers in parantheses refer to Bibliography at end of paper. 
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Cambrian folding, the quartz having been introduced along zones 
of weakness that resulted from Archean orogeny; whereas the 
gold deposits in the adjacent volcanics are related to late pre- 
Cambrian faulting. Bruce (3) has indicated that the gold 
deposits in the Lake Nipigon-Long Lake belt of northwestern 
Ontario are structurally localized by post-folding movements in 
the sediments and volcanics, and that the time of gold deposition 
is later than the intrusion of all the igneous rocks, excepting the 
late pre-Cambrian diabase. 

The writer is entirely in agreement with the conclusions ex- 
pressed by these workers, and has also observed many instances 
in which the relationship of gold deposits to nearby intrusives is 
obviously a structural one. But granting this, the genesis of the 
gold is still to be considered, and it is of interest, therefore, to 
record evidence from the Uchi Lake area that strongly suggests 
the gold deposits in that district originated in the late stages of 
the magmatic activity accompanying granitic intrusion. 

Location.—The Uchi Lake area is situated in the district of 
Kenora (Patricia portion) in northwéstern Ontario, approxi- 
mately 75 miles north-northwest of Hudson or Sioux Lookout on 
the Canadian National railway, from which points it may easily 
be reached by airplane. 

Mining Development.—Gold was first discovered in the district 
in 1926 as a result of prospectors spreading out from Red Lake, 
which lies some 50 miles to the west of Uchi Lake, following the 
Red Lake gold rush of 1925. Earlier development of gold pros- 
pects did not prove successful and interest in the district lapsed 
until renewed activity resulted in the development of a substan- 
tial tonnage of ore in the Uchi gold mine in 1937. This mine is 
now in production on a daily milling basis of 500 tons of ore, and 
a number of other prospects in the vicinity are currently under- 
going a vigorous development. 

GENERAL GEOLOGY. 
The geology of the Uchi Lake area has been described by J. E. 


Thomson (4), whose report contains a detailed colored geologic 
map of the gold-bearing zone. In 1938, the writer made an ex- 
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amination of 170 square miles of the district and examined the 
gold occurrences in detail. As a result of this work, the following 
table of geologic formations is established for the area. 


TABLE OF GEOLOGIC FORMATIONS. 
PRE-CAMBRIAN (Archean) 
Younger Intrusives 
Altered basic dikes 
Gold-bearing quartz veins 
Quartz-feldspar and diorite porphyry 
Pegmatite 
Granite, quartz monzonite, granodiorite 
( Amphibolite ) 
Intrusive contact—intense folding 
Older Intrusives 
Basic intrusives—metagabbro 
Confederation granite porphyry and mylonitized equivalents. 
Intrusive contact 
Uchi series 
Volcanic assemblage of greenstone, hornblende schist, amphib- 
olite, carbonate schist, pillow and amygdaloidal lavas, por- 
phyritic andesite tuff and breccia, rhyolitic tuff and breccia, and 
minor intercalated sediments. 
Unconformity—geutle folding 
Slate Lake series 
Metasedimentary assemblage of mica schists, paragneisses, im- 
pure quartzite, arkose, sericite schist, iron formation, conglom- 
erate, and intercalated greenstone flow rocks. 

Summary of Geology—The geological relationships of the rock 
formations are shown on Fig. 1. The Slate Lake metasedi- 
mentary series underlies the southeastern half of the map-area, 
and the Uchi volcanics the northwestern half. An older granite, 
known as the Confederation granite porphyry extends northerly 
through Bowerman and Mitchell townships. A number of long, 
narrow belts of metagabbro consisting essentially of saussuritic 
amphibolite occur as vertical sill-like bodies between the flows. 
These older intrusives have been involved in the folding of the 
volcanic and sedimentary rocks comprising the basement complex. 
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The Slate Lake metasediments and Uchi volcanics have been 
folded into vertical attitudes comprising an essentially homoclinal 
section within the map-area, the tops of the beds and flows facing 
the north or northwest, depending on their trend. Following the 
folding, there was injected a number of granitic bodies, principally 





EGLO f°. 


a * al 
a a 


a 


COs 
of r 





x. 
* Por Sic: 
<r 











\ 

! re, 
Mitte 
ill ese b 

i 7 
ONT ese 


a 
/ 


Sela! Gi © eS Pa ra : 

Qui é : : . ae <7 Jubilee + 

AN ar Fs a— an Lek 
y 














Intrusives 


Ear] Geomte, spent, poy Ghee 
KG etre, duorite, amphibolite @ woco Gold Development 
ee ‘ e @eorjo 
Me | jar phyn 

at Iconad granite, quartz porphyry @riining Corporation 

ma seanents @ Amorada Option 

BR ‘an | Greywacké, mica schist © Earngois 

RSS| Conglomerate @ Picarium 

meee] 9 ® Bellingham 

FE tron formation 

Voicanics 
= Powiice, cuff Scale of Miles 
EE Greenstone Ld 
° ’ 2 3 


Fic. 1. Sketch map showing geological relationships of the rock for- 
mations in the Uchi Lake district. Locations of gold occurrences are 
shown by number. 
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represented in the area by the intrusive at Perrigo Lake consisting 
of a body some three miles in diameter, and the granite at Allison 
Lake, which is part of the western border of an extensive batho- 
lith. The Perrigo Lake granitic mass is intrusive along the con- 
tact of the Uchi volcanics and Slate Lake metasediments and, 
petrographically, the rock ranges in composition from a grano- 
diorite on the western side of the intrusive to a quartz monzonite 
on the eastern side at One Island Lake. This change in com- 
position is the direct result of contamination by inclusions in the 
magma, which were derived, on the one hand, from the basic 
igneous rocks of the Uchi series on the western side, and on the 
other, from the arenaceous Slate Lake sediments on the eastern 
side. 

The granite at Allison Lake has a broad outer border zone of 
pegmatite that is up to one-quarter of a mile and more in width. 
This zone passes inwards to another broad zone in which the 
otherwise normal granite of the batholith has been altered to a 
muscovitized albitized granite containing small amounts of garnet 
and topaz. Numerous other small stocks and dikes of granite, 
diorite, quartz-feldspar porphyry, pegmatite, and other silicic and 
basic rocks occur throughout the area, but are most abundant near 
the loci of the major intrusives in Birkett township, and progres- 
sively decrease in numbers to the west and southwest. The spacial 
relationship of these dikes and stocks to the larger intrusives sug- 
gests a common origin, and the distribution of these sattelites fur- 
ther suggests that the district is underlain by granite which, at 
depth, slopes off to the southwest. 

This concept has the additional support of a broad metamorphic 
zoning produced by the major intrusives on the older rocks. The 
gold deposits, most of which lie in a belt in the Uchi volcanics 
extending from the east side of Lost Bay southward along the 
west side of Uchi Lake, are related to this zoning. The gold- 
bearing quartz veins are later than all the dike rocks, excepting one 
group of post-vein basic dikes. 
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METAMORPHISM. 


Prior to the intrusion of the granites and related rocks, the for- 
mations of the Uchi and Slate Lake series together with the older 
intrusives had undergone a deformational metamorphism as a 
result of regional folding. ‘The metamorphism due to deforma- 
tion is expressed in the district chiefly by the production of schis- 
tose rocks, and is also recognized by cataclastic mineral granula- 
tion along zones of shearing, but gold deposition is not predis- 
posed to favor these zones and they do not show any tendency to 
be replaced by quartz. 

Some of the thicker flow rocks and basic sills are not schistose, 
excepting near their contacts, and the primary igneous textures 
are unaltered. These rocks, however, have undergone a mineral 
reconstitution in the same direction as the schists, but which has 
not proceeded so far. That is, primary pyroxenes have gone over 
to amphiboles, whereas the amphiboles show only incipient altera- 
tion to chlorite. In the thinner and weaker flows, the pyroxenes 
and amphiboles have been replaced by chlorite. Cornelius (5) 
offers an explanation for this feature in the proposition that trans- 
formation of minerals may be independent of the formation of 
parallel texture and, consequently, that factors determining tec- 
tonic schistosity are not necessarily determining factors in min- 
eral transformation. He would thus. explain this condition of 
neomineralization in massive rocks as going in the same direction, 
although not as far as in the schists provided that regional tem- 
perature and pressure conditions remained the same and, since 
they might be expected to do so for some time, mineral recon- 
stitution would persist after the cessation of deformation. 

The pre-folding basic sills were, for the most part, originally 
gabbros but now consist essentially of blue-green metamorphic 
amphiboles and saussurite. As these rocks must have been raised 
to a relatively high temperature condition during the intrusion of 
the later granites, their present alteration is to be regarded in this 
light rather than as a result of tectonic deformation only. The 
amphiboles are somewhat similar to secondary blue-green actinolitic 
amphiboles that have been described from New Zealand by C. O. 
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Hutton (6), and which are reported to contain a high proportion 
of ferric to ferrous iron and an appreciable content of soda, both 
of which are probably responsible for the color. The amphiboles 
from the Uchi Lake district are true hornblendes rather than 
actinolites and different grains show a variation of the axial angle, 
even in the same thin section, which suggests a solid solution series 
that varies from grain to grain... These amphiboles are undoubt- 
edly of secondary origin and it is probable that the blue color is 
the result of the addition of some glaucophane and _ riebeckite 
molecule. Eleven determinations of the specific gravity of the 
saussurite amphibolites range from 3.02 to 3.10, the high density 
being partly accounted for by the alteration of original feldspars 
to compact minerals of the epidote group. The accompanying 
photomicrograph (Fig. 2) is representative of the texture of these 
rocks in thin section. In many thin sections the ghosts of feld- 
spar crystals, now entirely replaced by saussurite, may be ob- 
served; and in areas where hydrothermal action is known to have 
been present, as in the neighborhood of the gold deposits, the 
proportion of epidote increases at the expense of the hornblendes. 
Post-folding dikes of similar composition that are not known to 
have undergone any tectonic activity have suffered identical min- 
eral alteration and thus is it concluded that the alteration of the 
metagabbro sills is principally the result of the action of later 
granitic intrusion. 

That the granitic intrusives were capable of such action is seen 
in the intrusives themselves, in the contact metamorphism pro- 
duced in the rocks themselves, as well as about their borders. 

The Perrigo Lake granitic mass contains abundant small in- 
clusions of the invaded rocks, which may be observed in all stages 
of digestion by the intrusive. The inclusions on the eastern side, 
derived from the impure quartzites of the Slate Lake series, con- 
sist essentially of mica schists that are similar to the contact zone 


of mica schists in the sediments bordering the intrusive body. 
Commonly in the contact zone the textures are crystalloblastic and 
the rock is essentially a granulite as shown in Fig. 3. Biotite is 
the chief dark mineral of the inclusions, contact sediments, and of 
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the quartz monzonite itself in the eastern part of the body. To 
the west, however, where the basic volcanics and metagabbro have 
been invaded, hornblende is the chief dark constituent of the in- 
trusive and the inclusions, and is present with biotite in a ratio of 
more than 3:1. The inclusions consist of fresh-appearing amphi- 
bolites as shown in Fig. 4, the texture being crystalloblastic and 
the light minerals consisting essentially of calcic oligoclase. The 
contacts of the inclusions as observed in thin sections are com- 
monly rimmed with biotite against the granodiorite. The prin- 
cipal feldspar of the granodiorite, oligoclase, is present in a ratio 
of 2: 1 with microcline and microperthite but, in a narrow border 
zone about the inclusions, the granodiorite is free of potash feld- 
spars, whereas the plagioclase is zoned. This impoverishment in 
potash in a zone about the border of the inclusions is the result of 


K,O being taken up in the peripheral concentration of biotite, sug- 


gesting a movement of salic constituents towards the inclusions. 
On the other hand, hornblende may occur in the granodiorite sur- 
rounding the inclusions and, in some instances, is concentrated in 
a narrow zone encircling the inclusion (Fig. 6). This suggests 
a movement of mafic constituents outward from the inclusion 
into the intrusive. That is, there has been an exchange of ma- 
terial resulting in the contamination of the intrusive magma and 
thus producing the present rock type. The product of contamina- 
tion in this case is dependent on the chemical compositions of the 
intruded rocks, and the petrographic variation from granodiorite 
to quartz monzonite across the intrusive is a direct response to the 
chemical compositions of the invaded rocks. There is no evidence 
of melting of the inclusions, the exchange taking place by chemi- 
cal reaction. Without this contamination the final product would 
probably have been close to a normal granite. 

Similarly, the Perrigo Lake intrusive has produced a profound 
contact metamorphic zone in the basic rocks to the west, in which 
the greenstone schists and basic intrusives that generally have a 
pathologic appearance have been altered to fresh appearing amphi- 
bolites (Fig. 5), which consist essentially of fresh hornblende and 
idiomorphic porphyroblasts of zoned oligoclase. 








390 J. D. BATEMAN. 


Fic. 2. Thin section of metagabbro. x nicols; X40. Metamorphic 
texture of amphiboles (dark with cleavage) set in a mat of saussurite 
(light). 

Fic. 3. Contact metasedimentary granulite from Slate Lake series on 
east side of Perrigo Lake intrusive. x nicols; X 160. Light areas con- 
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The alteration of the granite comprising the border of the 
batholith at Allison Lake has been mentioned. This consists of 
the widespread development of pegmatite and the albitization and 
muscovitization of the granite itself. Much of the muscovite has 
replaced biotite, and the alteration has resulted in a net gain in 
soda and a net loss of iron. Small amounts of garnet and topaz 
have also been formed. This type of alteration, which is as much 
as a mile wide along the western border of the batholith is thought 
to be deuteric in origin. The sediments for a distance of two or 
more miles outward from the batholith are relatively high-rank 
metamorphic rocks consisting mostly of paragneisses and schists 
showing local development of staurolite and garnet. They are 
intruded by numerous pegmatites that are identical with the peg- 
matite of the border zone within the batholith. 

These rather lengthy comments are given to show the potent 
chemical activity of these intrusives. The batholith is part of the 
regional granite surrounding the Uchi Lake schist belt, whereas 
the Perrigo Lake granodiorite is a stock or small batholith within 
the schist belt itself, but spacially related to the larger outlying 
batholith. There is no evidence to suppose that these two intru- 
sives are different in age and they are thought to have been de- 
rived from the same magma and intruded at the same time, their 
differences being due to the environment during intrusion and to 
the effects of deuteric alteration. ‘The granodiorite thus repre- 
sents a stock above the main batholith which, here, underlies the 
schist belt. A number of other small stocks of silicic intrusives, 
most of which are too small to be shown on the sketch map, occur 
in the eastern part of the area, suggesting that the main body of 
the surrounding granite lies at no great depth. 








sist of quartz, oligoclase and microcline; grey areas are biotite laths. 
Note crystalloblastic texture. 

Fic. 4. Crystalloblastic amphibolite from a greenstone inclusion in the 
Perrigo Lake granodiorite. 160. Hornblende (showing cleavage) and 
biotite are grey; white areas are calcic oligoclase. 

Fic. 5. Amphibolite (metagabbro). Photomicrograph of specimen 
from west side of Perrigo Lake intrusive. x nicols; X 40. Oligoclase 
(light) and hornblende (dark) occur in a granoblastic texture. 
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METAMORPHIC ZONING. 


The volcanic rocks of the Uchi series, and the basic intrusives, 
contain minerals that are more susceptible to alteration than the 
minerals in the Slate Lake sediments. These rocks are, therefore, 
a more delicate indicator of metamorphism. The predominant 
mineral throughout the basic rocks of the district is hornblende, 
and most of the basic flows and intrusives are hornblende schists 
and amphibolites. There is a notable lack of chlorite in the rocks 
of the area, excepting in the western and southwestern portions. 
Most of the greenstones of early pre-Cambrian age in the Ca- 
nadian Shield consist of chlorite-albite-carbonate schists, a prod- 
uct of low-rank metamorphism such as can be produced by the 
deformation of a basalt. The Uchi volcanics represent a dis- 
tinctly higher metamorphic facies than is common in most green- 
stones, and which is thought to be the result of igneous intrusion. 

The more massive and thicker gabbro sills may have been 
altered to hornblende-bearing rocks by deformation, but have been 
further changed by later igneous emanations. The thinner basic 
flows, which were originally altered to chlorite schists by the de- 
formation accompanying regional folding, have been subsequently 
changed by igneous metamorphism to hornblende schists. These 
alterations have locally been somewhat obscured by the super- 
imposition of hydrothermal alteration on the hornblende-bearing 
rocks, resulting in the development of abundant clinozoisite and 
carbonate. 

The basic members of the Uchi series and the metagabbro ad- 
jacent to the Perrigo Lake granodiorite have undergone an intense 
mineral reconstitution. In the contact zone the rocks are com- 
posed of fresh zoned calcic oligoclase and compact hornblende, 
occurring in a coarse, granoblastic texture. Preéxisting schis- 
tosity has been entirely obliterated by the growth of a new massive 
structure. Farther from the contact to the west and southwest, 
the hornblendes tend to become more fibrous, the feldspars give 
way to saussurite and, on the whole, the rocks have a sciistose 
structure. This condition is representative of a large part of the 
basic rocks throughout the Uchi series, the hornblendes in many 
instances occurring as metacrysts. 
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Secondary biotite was observed in nearly all of the basic rocks, 
where it commonly replaces hornblende and chlorite. In the 
feldspathic tuffs and breccias and even in some of the thin rhyo- 
lite flows small amounts of hornblende have been developed but, 
more particularly, secondary biotite. Barrell (7) found at the 
border of the Marysville batholith in Montana that the replace- 





Fic. 6. Greenstone inclusion in Perrigo Lake granodiorite. Note 
peripheral concentration of hornblende at lower edge of inclusion, and the 
row of hornblende crystals in the granodiorite above the inclusion. 


ment of hornblende by biotite was due to hydrothermal meta- 
somatism at temperatures only slightly lower than at the contact 
of the batholith itself. This type of biotitization is widespread 
in the Uchi volcanics and is considered due to thermal meta- 
somatism. This feature is considered in more detail in connection 
with wall rock alteration. 

West of Uchi Lake the hornblende content of the flows is 
largely replaced by clinozoisite or epidote, and some of the rocks 
contain such a high content of clinozoisite and carbonate that, in 
the field, they bear a superficial resemblance to rhyolite flows al- 











394 J. D. BATEMAN. 


though having the composition of basalt. A chemical analysis 
was obtained from a dense, light-colored rock of this character, 
the following constituents being reported : 
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~ 99.80 Symbol: II.5.4.5 
W. F. Green, analyst. 


The norm as calculated from the chemical composition indicates 
that the rock belongs to a chemical family of basalts. The min- 
eral composition of the rock is estimated from thin sections as 
follows: 


Per cent 
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This rock, as well as similar flows in the district that show pil- 
low structure, occurs a mile west of the Uchi gold mine and, as 
far as is known, is the altered equivalent of the surrounding horn- 
blende schists. The alteration of this type to clinozoisite-rich 
and carbonate-rich rocks occurs in the vicinity of the gold-bearing 
quartz veins and is thought to be essentially hydrothermal in 
origin, and later than the igneous metamorphic development of 
the hornblende-bearing rocks. 

The few basic flows that are exposed to the south and west of 
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Fly Lake consist mostly of chlorite-albite-carbonate schists, partly 
replaced by epidote or clinozoisite. These are the only rocks in 
the district in which secondary biotite has not been recognized, any 
biotite present being a pathologic-appearing green variety altering 
to chlorite. 

The distribution of the alteration described here results in a 
broad metamorphic zoning westward from the loci of most intense 
metamorphism adjacent to the intrusives in the northeast part of 
the district, the innermost zone being characterized by crystallo- 
blastic oligoclase and hornblende in the basic rocks, the inter- 
mediate zone being represented by hornblende-saussurite mixtures, 
and the outer zone by chlorite. The gold occurrences, in distribu- 
tion, are confined to a belt near the western border of the horn- 
blende-saussurite zone and within the eastern border of the later 
zone of clinozoisite-carbonate alteration. The dike rocks are 
most abundant in the innermost zone of moderately high rank 
rocks and become less numerous in each of the outer zones. 

The recognition and delineation of this metamorphic zoning 
leads to two conclusions. The first is that, owing to the relation 
of the metamorphism to the granitic intrusives and their satellites, 
the higher rank metamorphism in the district is the result of 
igneous intrusion, and was not brought about by the effects of 
temperature and pressure accompanying deformation during fold- 
ing. Thus, before the intrusion of the granites, the greenstones 
were essentially chlorite schists. The second conclusion, which is 
supported by the distribution of the dike rocks, is that the bound- 
aries separating the different metamorphic zones roughly contour 
the upper surface of an underlying granite mass. This conclu- 
sion is based on the assumption that the intensity of metamorph- 
ism at any one place (other factors being equal) is the resultant 
of the vertical and horizontal distances from the granite roof. 
The contouring thus indicates that the granite roof slopes off to 
the south and west. 

Most of the dike rocks are earlier than the period of quartz 
and gold deposition, but the one group of post-mineralization 
dikes, which are basic in composition and superficially resemble 
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lamprophyres, are carbonatized in the vicinity of the veins. These 
dikes strike in all directions and dip at various angles, some of 
them being flat-lying. They intersect the quartz veins and ore- 
bodies and contain no traces of gold. The freshest specimens of 
the dikes at some distance from the veins show considerable altera- 
tion, being composed principally of bytownite, biotite, and tremo- 
lite but, in the vicinity of the orebodies, they consist essentially of 
carbonate (ankerite and calcite) and secondary albite-oligoclase. 
This alteration, which parallels that of the adjacent wall rock, 
indicates that although the dikes were introduced after the time 
of gold deposition, it was before the final cessation of mineralizing 
solutions, which were still sufficiently potent to attack the dikes 
adjacent to the veins. This association of gold with the dike 
rocks is strong evidence in favor of a genetic origin from the 
subjacent granite, probably during the late stages of consolida- 
tion of the underlying intrusive, and the evidence is strengthened 
by the indications that the dikes were introduced before the min- 
eralizing action had ceased. 


CHARACTER OF THE GOLD DEPOSITS. 


Most of the gold occurrences in the district are distributed in 
a north-south belt that has been traced southward from the east 
side of Lost Bay of Confederation Lake to near the south end 
of Uchi Lake. <As these deposits are described in more detail 
elsewhere,* they will be mentioned briefly. The geology of the 
gold-bearing section consists of narrow interbedded greenstone 
flows, metagabbros, tuffs, and silicic flows in approximately verti- 
cal positions, striking northward and pitching to the south. These 
rocks, because of their variable degree of resistance to stresses, 
have fractured along or near the contacts, thus providing chan- 
nelways for vein-forming solutions. Similar structural condi- 
tions may be found wherever there is a variety of rock types, and 
gold deposition seems to have shown a predisposition for mod- 
erately brittle rocks that fracture well than for shear zones. The 
gold deposits are, therefore, associated with open space fillings, 


3 Ann. Rept., Ont. Dept. Mines, vol. 38, 19309. 
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although major orebodies consist of country rock replacements 
adjacent to tension fracture, quartz stringer zones. The gold 
is in the native state and may occur in the quartz or in the ad- 
jacent country rock, which is commonly mineralized with dis- 
seminated metasomatic pyrite and pyrrhotite. There are earlier 
sulphide replacement zones in shear zones, but these do not appear 
to be related to the later sulphides associated with the orebodies. 


WALL ROCK ALTERATION, 


A comparison of the altered wall rock in the vicinity of the 
veins and orebodies with the less altered greenstones a short dis- 
tance from the veins indicates a profound alteration in which the 
hornblende and epidote have disappeared and the rock has become 
extensively replaced by carbonate, sericite, pyrite, pyrrhotite, bio- 
tite and albite in quantitative order. A chemical analysis of the 
fresher greenstone is compared with one of the altered wall rock 
from the same flow. 


SiO, Sear higliy Gicce "eter aie ta es ER AD SS Sweets a wie cece 36.60 
RO veo fac cs aes bee's a eee ee Sys 13.01 
BRODIE ate tad ial etnies eo Seis DBE acaieieieie’sisle oes prey occas 2.15 
OND ee AE rape ao leat weis NERO: ses ee oe ee ee 7.41 
ho re recta os Seeger ae) MO ene Ag Sarena yescir 4.48 
MEANO eNotes Bag oh rons n areas vies BGs centecae ea eens 8.78 
CR a oS eee, OE a ee ea pot eee EES See 2.76 
CO OL AE AERO eee iis oS cet be eae eee 3.28 
LEO tA Se Sa Sere cee oe, RR CR SE erga oe 1.31 
11 E Bossy Sy Ee Semen Norse ee meee SLT a ininis wastes era eer 0.04 
A ce a wi geal BEPE o e Wise caer Sa, Lees 0.09 
(5 0,0) Say ace, SL eae a EAT obs ici .nicin wie aate Riaeieseie ieee 2.03 
RPE ery os nae ets eee SAG: Gs. Gee eae ene 9-90 
FeS, ES te OE Ie ee | ae a ies Pe ns ee th ere 8.04 

100.29 100.08 

Sp. Gr. 2.82 Sp. Gr. 2.854 


W. F. Green, Analyst. 


* Greenstone country rock. 


t Hydrothermally altered equivalent in the orebodies. 
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Fic. 7. Amygdaloidal greenstone near orebody in Uchi 
showing a vesicle filled with carbonate (grey with twinning 


rimmed with quartz (white). 


x nicols; X 40. 
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In addition to showing a remarkable desilication, a comparison 
of the analyses shows substantial increases in lime, potash, carbon 
dioxide and hydrogen sulphide. Potash shows the greatest per- 
centage gain in grams per cubic centimeter and has, for the most 
part, been taken up in the formation of biotite and sericite. Fig. 
7 shows an amygdule in the altered carbonatized amygdaloidal 
greenstone which is filled with carbonate and collared by quartz. 

Carbonatization is a common wall rock alteration in hydrother- 
mal mineral deposits. In the Uchi Lake area, much of the car- 
bonate of the wall rock is calcite although some ankerite is present. 
In the veins, calcite and ankerite are present in approximately 
equal proportions. Calcite has been observed replacing ankerite 
in many instances, and most of it is presumed to be later. The 
wall rock carbonatization has advanced to the extent that as much 
as 75 per cent or more of the greenstone is composed of car- 
bonate. Adolph Knopf (8) has described a somewhat similar 
type of alteration in the Mother Lode district of California, where 
there is a widespread replacement of greenstone by ankerite to the 
extent that, near the veins, the greenstones are almost solid 
ankerite. Additional wall rock alteration in the Mother Lode 
district consists of the formation of sericite, albite and pyrite; a 
notable lack of silicification was emphasized. This occurrence 
parallels the Uchi Lake district, except for the abundance of 
secondary biotite in the latter locality. 

The alteration of the country rock in the Uchi Lake district is 
principally metasomatic. The ankerite was formed by the addi- 
tion of carbon dioxide from vein forming solutions, the carbon 
dioxide combining with original lime, magnesia and iron in the 
rock. Additional iron was taken up by an excess of hydrogen 
sulphide to form disseminated pyrite and pyrrhotite, and some 





Fic. 8. Vein quartz from Uchi gold mine showing large grains of 
albite. x nicols; X 40. 
Fic. 9. Vein quartz (in extinction) in contact with the carbonatized 
and biotitized wall rock in the Uchi gold mine. x nicols; X 40. 
Fic. 10. Photomicrograph microveinlet of quartz in carbonatized wall 
rock in Uchi gold mine. The veinlet is bordered with biotite, a common 
feature in the district. 











400 J. D. BATEMAN. 


later ankerite was formed by the replacement of these sulphides. 
Calcite was formed in the country rock after most of the iron had 
been used up, and it is probable that the vein-forming solutions 
did not contain much iron in the early stages. The appreciable 
addition of potash resulted in the formation of sericite and biotite 
and, although the increase in soda is slight, large clear grains of 
albite (Fig. 8) having the composition Abgg-»;Ans-, occur in the 
vein quartz. As in the case of the Mother Lode district, there is 
a notable lack of silicification in the Uchi gold area and even the 
wall rock inclusions in the quartz veins tend to be carbonatized 
rather than silicified. This carbonatization of the country rock 
implies a desilication that has resulted in the removal of consid- 
erable quantities of silica. Throughout the Canadian Shield 
many gold deposits are characterized by silicification of the wall 
rock that accompanied quartz vein deposition; thus a case such as 
this, which is the opposite condition, deserves emphasis. The 
accompanying photomicrograph (Fig. 9) shows the carbonatized 
and biotitized wall rock in sharp contact with vein quartz (in 
extinction ). 

The mineralizing solutions, in addition to silica, contained car- 
bon dioxide, potash, hydrogen sulphide and soda, and at one stage, 
iron. Throughout the process of mineralization the solutions 
changed in composition. Small amounts of copper were intro- 
duced and, towards the close of mineralization, minute amounts 
of lead and zine were brought in with the gold. The process 
of carbonatization appears to have started early and continued 
through to the very end, as the post-metallization dikes are ex- 
tensively carbonatized near the orebodies. Early formed car- 
bonate is replaced by quartz that is, in turn, replaced by carbonate. 
3iotite commonly replaces sericite and carbonate. 

The presence of biotite and albite in the veins (Fig. 10) as well 
as in the wall rock is taken to indicate relatively high temperatures 
during at least one stage of the mineralization. Albite accom- 
panies the formation of many gold-quartz veins that are thought 
to be of high temperature origin, and Schwartz (9) has suggested 
that its secondary formation occurs under temperatures favoring 
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dehydration. The untwinned variety, however, is a common 
accompaniment of the low rank green schists. Biotitization is 
widespread in the Uchi volcanics and its presence in originally 
potash-poor rocks favors the addition of potash from solutions 
derived from an underlying granite. The development of sec- 
ondary biotite, however, is not common in connection with the 
wall rock alteration of hydrothermal gold-quartz veins in general, 
but it has been reported in the Juneau district by Spencer (10) 
and in the Eagle River district by Knopf (11), these workers ac- 
cepting it as an indicator of the addition of potash. In the Berens 
River gold-silver mine at Favourable Lake in northwestern 
Ontario, the writer (12) observed intense biotitization connected 
with wall rock alteration. The altered rhyolite country rock in 
the vicinity of the orebody is extensively silicified, and the inter- 
bedded more basic flows are not only silicified, but contain up to 
20 per cent metasomatic biotite as well as garnet. The quartz 
veins, a combination of fracture filling and replacement, contain 
garnet, actinolite, arsenopyrite, and pyrite—a high temperature 
combination, particularly when considered with the nature of wall 
rock alteration. ‘The wall rock alteration, however, does not ap- 
pear to have any direct connection with the metallization at the 
Berens River mine, sphalerite, galena, tetrahedrite, gold and silver 
being introduced at a later time and probably at a considerably 
lower temperature, although the entire sequence may have been a 
continuous one of falling temperature. 

Biotitization in the Uchi Lake district followed the initial car- 
bonatization and appears to have been approximately contem- 
poraneous with the deposition of albite and pyrrhotite in the vein 
quartz. This was followed by the deposition of chalcopyrite, a 
second generation of pyrite and a fracturing of the vein quartz 
and walls, the gold being introduced at a later stage. Thus, al- 
though the wall rock alteration is approximately confined to the 
orebodies, the changes had taken place largely before the time of 
introduction of the gold. After the metallization had occurred a 
new set of fractures developed in a complicated pattern, along 
which arose the basic magma of the post-vein dikes. 
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CONCLUSIONS. 


1. The intrusion of the granitic rocks that represent the close 
of Archean time in the Uchi Lake district resulted in profound 
alterations on the invaded rocks that are, in part, indicated by a 
metamorphic zoning throughout the district. 

2. The known gold occurrences lie in a belt near the outer 
border of the hornblende-saussurite zone, where the rocks have 
undergone a further hydrothermal alteration characterized by 
clinozoisite, indicating a relationship between gold deposition and 
granitic intrusion. Evidence for this relationship is strengthened 
by the relation of the dike rocks to the gold-bearing quartz veins. 
The fractures in which the veins were formed intersect earlier 
dike rocks, the veins themselves being intersected by later basic 
dikes. 

3. The widespread biotitization of the rocks in the district and 
of the orebodies in particular both indicate the addition of potash 
from a common source 





an underlying granitic magma. ‘The 
development of biotite and the carbonatization of the wall rock 
present a striking contrast with many Canadian gold deposits, 
where silicification and the addition of soda is emphasized in con- 
nection with gold deposition. 

4. The distribution of dike rocks and metamorphic zoning in- 
dicates that the roof of the underlying granite, although irregular, 
slopes off to the southwest, and is not in the form of a cupola 
beneath the gold-bearing zone. Deposition of gold occurred at a 
favorable horizon above the granitic magma roof where tem- 
perature and pressure conditions probably played an important 
part in precipitating the precious metals; but the principal factor 
favoring deposition is a structural one based on the ability of the 
rocks to fracture and thus provide channelways for solutions. 

5. Granitic invasion, metamorphism, introduction of. silicic 
dikes and porphyries, formation of barren quartz veins, wall rock 
alteration, metallization, and intrusion of post-vein dikes are all 
part of a magmatic sequence of falling temperature. Towards 
the end of this sequence the gold was deposited, the solutions being 
derived from a late differentiate of the consolidating magma. 
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Although the deposits are hydrothermal in origin, they cannot be 
properly classified as hypothermal or mesothermal. The reason 
for this is that the wall rock alteration and deposition of most of 
the sulphides, being early in the sequence, may be of high tem- 
perature origin; but the gold, being later, may have been deposited 
at relatively low temperatures. The precious metals, therefore, 
may bear no necessary relation to the associated gangue minerals. 
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Siow PHOSPHATE DEPOSITS OF THE UNITED STATES: 
Baek GEORGE R. MANSFIELD. 
ABSTRACT. 
area. 


Different types of phosphate deposits and different sources of 
phosphate in the United States are briefly discussed. In Florida 
two types of phosphate are now mined, land pebble and hard 
rock. The principal characteristics of these types of rock are 
stated and methods of prospecting, mining and recovery briefly 
outlined. Testimony given before the Congressional Committee 
to Investigate the Adequacy and Use of Phosphate. Resources of 
the United States, November 28, 1938, at Lakeland, Fla., showed 
Florida’s reserves to be far greater than previously supposed. 
Similarly at corresponding hearings in Tennessee a few days 
earlier the reserves of brown phosphate, the only type now mined 
in that State, were shown to exceed earlier official estimates. 
Reserves of the Western fields have been raised a little to bring 
them abreast of current information but no attempt has been 
made, as in the other States named, to include lower grades of 
rock than those formerly considered in the estimates. Professor 
J. Stewart Williams has shown for Utah that such a procedure 
would tremendously increase these figures. 

Reserves of the United States as a whole are now considered to 
exceed ten billion tons, not counting those classed as possible or 
certain phosphatic limestones mentioned at the hearings of the 
Congressional Committee. As nearly 2,000,000 acres of public 
land in the Western States and 66,000 acres in Florida remain to 
be examined for their phosphate content the stated figure will 
ultimately be greatly increased. At the present rate of consump- 
tion, 3,000,000 tons annually, ten billion tons would last more 
than 3,000 years. 
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CHARACTER AND DISTRIBUTION. 


THE principal types of phosphate deposits found in this country 
are guanos, apatites, phosphatic marls and limestones, and phos- 
phate rock representing a wide range in geologic age. 


The guanos, which are cave deposits and consist of the excreta 
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of bats and other animals, have been reported chiefly from Texas 
and New Mexico, where they have or have had local commercial 
importance in a small way. The Texas product contains 4 to 
I2 per cent of ammonia together with nearly 4 per cent of avail- 
able P.O;, and 1.25 per cent of potash. Some of the New Mexico 
material is richer and is reported to contain as much as 32 per cent 
of P.O; with 28 per cent available.” 

Phosphatic marls occur in the sedimentary rocks of the Coastal 
Plain from the Middle Atlantic to the Gulf States and are of both 
Cretaceous and Tertiary age. Ordinarily they contain from less 
than I to 4.5 per cent or more of P,O;. Exceptionally, as in Ala- 
bama, concretions in the marl contain 20 to 30 per cent of P.O;.* 
Before the introduction of commercial fertilizers marls were dug 
at many places and used by farmers for direct application to their 
soils. 

Phosphatic limestones are widely distributed in both the eastern 
and western parts of the United States and range in age from 
early Paleozoic to Tertiary. The percentage of P.O; that they 
carry is ordinarily small, though some of them, which have served 
as parent rocks of phosphate deposits, contain notable amounts 
and may deserve future consideration as potential sources of com- 
mercial phosphate products. 

Apatite is a phosphatic mineral widely distributed as a con- 
stituent of igneous and metamorphic rocks, but it is rarely ac- 
cumulated in any one place in sufficient quantity to be of economic 
interest as a source of commercial phosphates. The Russian 
apatite deposits now being extensively exploited are a notable 
exception. In the United States the only apatite deposits in 
production are those of Nelson County, Va., which are being 
mined with associated titanium minerals. The amount produced 
is not disclosed, as there is only one producer, and figures given 
in the Minerals Yearbook are combined with*those of Tennessee. 

Phosphate rock deposits are grouped in a number of separated 
areas in which the character of the deposits and the methods of 


2 Phillips, W. B.: The bat guano caves. Mines and Minerals, 21: 440-442, 1901. 
3 Smith, E. A.: The phosphates and marls of Alabama. A. I. M. E. Trans. 25: 
819-820, 1895. 
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operation differ so that it is customary to regard them as separate 
fields. In the United States nine phosphate fields deserve men- 
tion as being active or potentially active, namely, North Carolina, 
South Carolina, Georgia, Florida, Tennessee, Kentucky, Alabama, 
Arkansas, and the Western phosphate field. 

The North Carolina,* Georgia,®> and Alabama® fields have 
yielded little commercial phosphate and have not been sufficiently 
explored to permit any estimates of quantity to be made, though 
it is known that the phosphates are relatively poor as compared 
with the Florida and Tennessee material. The other fields will 
be described briefly in the order named. 


SOUTH CAROLINA FIELD.' 


Location.—The deposits of phosphate in the vicinity of 
Charleston, S. C., were among the first discovered in the United 
States, and for a time South Carolina was one of the largest pro- 
ducers in the world. The workable deposits are confined to the 
region lying in general between Charleston and Beaufort and ex- 
tending about 25 miles back from the coast, Fig. 1. The phos- 
phate rock occurs as an irregular, thin bed, that underlies irregular 
areas in the region defined. This bed is commonly less than 18 
feet below the surface, and is thus comparatively easy to mine, but 
because of the low grade of the rock and the exploitation of the 
richer and more easily accessible deposits of Florida and Tennes- 
see, production in the South Carolina field ceased. Recent at- 
tempts to revive activity there have thus far accomplished little. 

Types of Rock.—Two types of rock are recognized—land rock 
and river rock. The land rock occurs in an irregular bed 8 to 16 
inches, or, locally, as much as 30 inches thick. The rock is an 
irregular or even jagged, honeycombed mass that breaks easily 
on mining and is thus commonly referred to as nodular. It 





4N. Car. Exp. Sta. Bull. 110, 1894. 

5 McCallie, S. W.: A preliminary report on a part of the phosphates and marls 
of Georgia. Georgia Geol. Surv. Bull. 5, 1896. 

6 Smith, E. A., and McCally, H.: Index to the mineral resources of Alabama. 
Ala. Geol. Surv., 1904, pp. 64, 65. 

7 Rogers, G. S.: The phosphate deposits of South Carolina. U. S. Geol. Surv. 
Bull. 580: 183-220, 1915. 
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varies in hardness, specific gravity, and color with degree of 
phosphatization, the better rock being generally darker colored. 
The river rock occurs in loose, more or less rounded fragments 
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MAP SHOWING APPROXIMATE ORIGINAL DISTRIBUTION OF SOUTH CAROLINA PHOSPHATE DEPOSITS. 
Fic. 1. Map showing approximate original distribution of South Caro- 
lina phosphate deposits. 


of nodular aspect, accumulated with some matrix of mud or sand 
in irregular banks on the bottom. 

Origin.—Numerous theories for the formation have been ad- 
vanced. The view advocated by Rogers,*® which seems to account 
satisfactorily for all the facts, is that the phosphate represents 
a residual deposit of Cooper marl (Eocene) reworked and re- 
deposited as the Edisto + marl*® (now called Hawthorn) in Mi- 

8 Rogers, G. S.: op. cit. 

9A dagger ({) following a geologic name indicates that the name has been 


abandoned or rejected for use in classification in publications of the Federal Geo- 
logical Survey. 
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ocene times and subsequently concentrated and enriched by solu- 
tion. 

Quality—The commercial rock varies greatly in chemical com- 
position but does not ordinarily exceed 64 per cent of tricalcium 
phosphate (bone phosphate of lime or B. P. L.). The average 
composition of South Carolina phosphate, as compiled by Shep- 
ard,*° on the basis of many hundred analyses, is about 58 per cent 
of B. P. L. The rock is lower in phosphate content than the 
Florida or Tennessee products but possesses certain advantages 
for the fertilizer manufacturer. After calcining it grinds readily 
and cheaply into an impalpable powder, which allows sulphuric 
acid to act uniformly on the whole mass. The superphosphate 
formed is light, dries readily, and remains in good mechanical 
condition for mixing. 

Production.—Production of river rock ceased in 1910 and of 
land rock in 1925. The total production from the field from 1867 
to 1925, according to Mineral Resources reports, was 13,357,108 
tons. In 1938 an additional 100 tons of 60-66 per cent grade was 
shipped. 

Reserves.—In his account of the South Carolina phosphates, 
Rogers** modifying an earlier (1904) estimate of Chazal, 
figured the reserves of land rock at between 7,000,000 and 9,000,- 
ooo tons. No estimates are available for the river rock. In 
1925° I adopted the higher figure, which, after allowance for 
rock mined during the interval, became 8,800,000 tons. In 1938 
Jacob ** by similar means reduced this estimate to 8,798,000 tons. 
The original figures from which these were derived were based 
on the best data available at that time. No doubt they need re- 
vision and if modern methods of prospecting and laboratory test- 
ing were employed it seems probable that they might be greatly 
increased, especially if river rock is taken into account. As no 

10 Shepard, C. U., Jr.: South Carolina phosphates. Charleston, S. C., 1880. 

11 Rogers, G. S.: Phosphate deposits of South Carolina. U. S. Geol. Surv. Bull. 
580: 202, 1914. 

12 Mansfield, G. R.: Phosphate rock in 1924. Bur. Mines, Min. Resources of the 
U- S., 1924, Pt. 11, p.'88, 1925. 

13 Jacob, K. D.: The phosphate rock reserves of the United States. Commercial 


Fertilizer Yearbook, 1938, p. 10. 
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solu- commercial pressure exists for their further exploitation it seems 
unlikely that the necessary prospecting will be undertaken for a 
~om- } long time. 
cium FLORIDA FIELD. 
rage Florida is the leading State in the production of phosphate 
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cent 
| the aw 
ages 
udily 
uric 
hate us 
nical 
d of 
el 29 
1867 
,108 
was 
ates, c. 
azal, 
200,- --- Hard rock area (Eldridge. !I"Census 
——— Hard rock area (W.L.Akin, 1938 ‘ é 
In Pebble phosphate 74* BPL ie, eee 
ES 279 Pebble phosphate 70° BP.L ese \ 270 
tor Pebble phosphate 55-70 B.P.L . \ 
5 | Outlying phosphate areas ‘ 
1938 | AN\N* Hawthorn formation wenons fore fa 
tons. \ 
vased Se 
d re- 
ace: LORIDA PHOSPHATES 
; SCALE 
eatly 0 0 20 40 so__80 100 MILES y 
s no oa | | - ; 
} - 
| out. 
Bull. 2 ir 
67> 66° es° cry 8s : 82° a so 
of the Fig. 2. Map of Florida showing distribution and character of phos- 
be phate deposits. Hard rock data from Eldridge (11th Census) and W. L. 


Akin; pebble and outlying areas, Wayne Thomas; Hawthorn, Fila. 
{ Survey 20th Ann. Rept. 














412 GEORGE R. MANSFIELD. 


most of these articles may be had in the bibliographic bulletins 
of the Geological Survey ** and in the Annotated Bibliography 
of Economic Geology.*® The principal types of rock in the order 
of their present relative commercial importance are the land peb- 
ble, hard rock, soft rock, and river pebble (Fig. 2). 


Land Pebble Deposits. 


General Character—Main Field.—The land pebble phosphate is 
contained in the Bone Valley gravel of Pliocene age. This is of 
shallow water estuarine and marine origin and its phosphate was 
derived largely from phosphatic limestones of the Hawthorn for- 
mation of Miocene age by erosion and redeposition, although some 
material from contemporary sources is included. The matrix 
contains in addition to the phosphate pebble much clay and sand. 
It is irregularly bedded, ranges in thickness from less than a 
foot to nearly 25 feet, and lies on a fairly even floor of clay or 
limestone. It varies from place to place in relative proportion 
of coarse and fine material and in phosphate content. The over- 
burden consists largely of sand and clay and may range well over 
50 feet in thickness, although, where mined, it is generally less 
than that. 

Other Areas.—In addition to the main pebble field, which is 
located chiefly in western Polk County and adjacent parts of other 
counties, land pebble phosphates have been found in Hamilton, 
Clay, Bradford, Lake, and Orange Counties. On some of these 
prospecting work has been done. Hitherto their high silica con- 
tent has made them appear of low grade and commercially un- 
attractive. The advent of flotation has changed this picture nota- 
bly for it has been found that by grinding and fiotation, high 
grade phosphate may be developed from some of them. 

Prospecting. In prospecting the pebble field a modified form 
of post hole auger is used and each hole is cased. Thorough 
prospecting of a 40-acre tract involves generally boring 16 holes. 
These are regularly spaced according to a grid indicated by letters 

14 U. S. Geol. Surv. Bulls. 746, 747, 823, 834, 858, 860, 892. See also Bull. 604. 

15 Ann. Bib. Econ. Geol. Gen. Index. I-X, 1928-1938, Econ. Geol. Pub. Co., 1939. 
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and numbers. The data for each hole in this spacing are applied 
to 2% acres. In preliminary prospecting work 8-hole or even 
4-hole work may suffice for some purposes. The selection of min- 
able areas from prospecting data requires care to exclude those 
holes that show too low tonnage per acre, too high a percentage of 
iron and alumina, too high a flotation ratio (the ratio between the 
total tons of rock recovered and the number of tons treated by 
the flotation plant), and too high a ratio between overburden and 
available rock. Thus, even some holes that show fairly high 
grades of B. P. L. (70 per cent or more) may be excluded. Ac- 
cordingly the number of acres considered minable in a given 
prospected tract is usually smaller than the number prospected. 

Mining and Washing.—Mining pebble phosphate involves first 
the removal of overburden, generally by dragline, and piling the 
waste alongside of the area to be mined or in mined out areas. 
Care is taken to avoid so far as possible covering up areas under- 
lain by minable rock. The matrix itself is mined by hydraulic 
methods and the rock pumped through pipe lines to the washer, 
which may be as much as a mile distant. - In the washing plants 
finer sized material is saved than formerly, and in some plants a 
flotation process is added to reduce losses still further. The soft 
phosphate and finer waste materials washed from the matrix are 
allowed to settle in waste ponds where they may later be available 
if needed. 

Phosphate Content of Matrix —The phosphate content of the 
matrix as it comes to the plant is not high. Matson” cites an 
analysis of matrix in which the B.P.L. content is about 30 per cent. 
This may not be truly representative as the sample was small. 
However, I am informed that the matrix generally contains 15 to 
40 per cent B. P. L. and that 35 per cent is about the most favor- 
able for material to yield the products of greater value. When 
the matrix contains 40 per cent or more of B. P. L. so much of the 
material will go into slime that much of the higher grade portion 
will be lost. High grade phosphate, therefore, does not occur as 
such in the ground. Although the amount available in a given 


16 Matson, G. C.: The phosphate deposits of Florida. U. S. Geol. Surv. Bull. 
604: 82, I915. 
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area may be forecast by selective prospecting the actual segrega- 
tion of high grade rock for stock piles or immediate shipment 
comes at the end of a long and chemically controlled beneficiation 
process. 

High Grade Phosphate—tIn practice high grade rock must 
contain 74 per cent of B. P. L. although rock of lower grade is ex- 
ported under some contracts. Rock of this quality, although more 





desirable for use in the acidulation process because it requires less 
sulphuric acid and less handling than lower grade material, is less 
desirable for use in the electric furnace because silica and other 
substances removed in its production must be added again for 
fluxing. Thus, it would probably be cheaper and more satisfac- 
tory to select for furnacing a deposit in which the matrix contains 
about the right proportions of silica and lime for fluxing purposes 
and to improve its phosphate content by adding more or less 
higher grade material to the mix. 

Reserves.—At the hearings of the Congressional Committee in 
Lakeland, November 28-30, 1938, much new data on Florida 
phosphate reserves were presented that had not hitherto been made 
available. Through the courtesy of the producers, especially of 
D. B. Kibler, Jr. of Lakeland, Manager of the Buttgenbach Phos- 
phate Co., and of Wayne Thomas of Plant City, principal witness 
for the industry at the hearings, I have been able to study much of 
this material and have spent several months in preparation of a 
report on the phosphate resources of Florida. In general I have 
tried to differentiate grades and to classify the reserves as known, 
probable, or possible. Space does not permit a detailed review of 
this work but I may say that it served largely to substantiate the 
figures given at the hearings for the different areas of land pebble 
and hard rock phosphate. The results are summarized in a table 
that follows the discussion of the other Florida phosphates. 


Hard Rock Deposits. 


General Character —The hard rock deposits are contained in the 
Alachua formation of Pliocene age. They are residual deposits 
and, like the Bone Valley gravel, were derived from phosphatic 
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limestones of the Hawthorn formation. But unlike the Bone 
Valley gravel they were not subjected to marine erosion and re- 
arrangement. They are the end products of successive accumu- 
lations formed by the leaching of limestone and of the deposition 
and redeposition of phosphatic materials. In general they are 
heterogeneous mixtures of fragments and boulders of phosphate 
rock ranging from less than an inch in diameter to masses weigh- 
ing several tons, together with sand, clay, chert, and soft phos- 
phate. In places they also include bedded materials. 

Distribution —The hard rock deposits lie in a belt 5 to 30 miles 
wide extending southeastward from the vicinity of Tallahassee to 
the northern part of Pasco County, roughly 150 miles. 

Relation to Structure-—The Florida peninsula has been arched 
into an elongate dome, the axis of which lies somewhat west of the 
center line of the peninsula. It is in this structure that the Haw- 
thorn formation has been raised sufficiently to permit deep and 
prolonged erosion and the residual accumulation of its phosphate 
in favorably situated areas. 

Prospecting.—Much of the potential phosphate land in the hard 
rock field has not been prospected by modern methods. On the 
other hand some areas previously regarded as mined out have been 
reprospected and re-mined with the result that tonnages greatly 
exceeding those obtained by earlier work have been recovered. 

Thorough prospecting in the hard rock field involves boring 16 
holes to the acre in contrast to the pebble field where 16 holes 
ordinarily suffice for 40 acres. Prospecting costs in the hard rock 
field are, therefore, higher than in the pebble field. Sixteen hole 
work requires a 50-foot spacing between holes. In preliminary 
prospecting 100-foot spacing may suffice but for guidance in min- 
ing it is at times desirable to use a 25-foot interval and rarely 


even 12% feet. The closer spacing in the hard rock field is re- 


quired by the highly irregular surface of the bed rock on which 
the matrix rests. The position of the holes and the data obtained 
from them are recorded in grids on plats or maps and these are 
closely followed in mining. 

Mining and Processing.—In mining the hard rock hydraulic 
methods are used to remove the overburden and the matrix is 
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taken out by dragline machines, which are able to excavate the 
deep depressions and crevices. As the deposits are more localized 
the washing plants are smaller than those in the pebble field. 
Much more fine material is saved than formerly, although flotation 
is not used. Comparable results are obtained, however, by sizers 
and tables. Here again the high grade rock is a product of con- 
trolled beneficiation. 

Reserves——The reserves in the hard rock field, though sub- 
stantial, are rated in my study considerably lower than the figures 
given at the Lakeland hearings. They are shown in the table al- 
ready mentioned. 

Soft Rock. 

A certain amount of finely divided phosphatic material, soft 
rock, is present in both the land pebble and hard rock fields, al- 
though the amount varies locally. It is too fine to be caught on 
screens or floated, and passes with the slimes to the waste ponds, 
from which it is being mined in some places and sold for direct 
application to the soil or as filler in fertilizer mixtures. Soft rock 
is included as possible reserves in the figure given for the hard 
rock field, though it is not separately listed. 


River Pebble Deposits. 

River pebble phosphate, as the name implies, occurs as bars and 
banks in stream channels and neighboring lowlands. It is formed 
from any phosphatic material that the stream may happen to cross, 
such as the Hawthorn formation or any deposits derived from it. 
Hence, much of it may be of recent age. Nearly a million and a 
half tons of it was mined during the years 1888 to 1908 inclusive. 
Then, mining stopped not because of the exhaustion of the deposits 


but because of the competition of more desirable types. As the 


valleys of Peace River and of other streams known to contain 
river pebble phosphate cover many square miles, it is reasonable to 
infer that river pebble rock should have a place in Florida’s phos- 
phate reserves. 


Hawthorn formation and Phosphatic Marls. 


It was brought out at the hearings in Lakeland that the Haw- 
thorn formation, the parent rock of most of the phosphate de- 
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posits, is itself sufficiently phosphatic to deserve consideration as a 
possible future source of commercial phosphate. Similarly cer- 
tain phosphatic marls were also mentioned. The data now avail- 
able for these formations are insufficient to justify their present 
inclusion in reserves, although it is recognized that they are 
worthy of further consideration and study. 


TENNESSEE FIELD. 


The phosphate deposits of Tennessee rank next in present com- 
mercial importance to those of Florida. 

Distribution —The phosphates occur in the western part of the 
Central Basin of Tennessee and in the valleys of the western part 
of the Highland Rim surrounding the basin. The workable beds 
lie in parts of Sumter, Davidson, Williamson, Lewis, Maury, 
Hickman, Perry, Giles, and Decatur Counties (Fig. 3). Phos- 
phate has also been found in Johnson County along the east border 
of Tennessee. Three general classes of phosphate are recognized, 
namely: brown, blue, and white. Of these the brown rock is at 
present the most important commercially. 

Brown Rock.—The brown phosphates are residual deposits de- 
rived from several formations of Ordovician age, consisting 
largely of limestone that is more or less phosphatic. The gentle 
arching of the formations into a low dome has permitted erosion 
to attack them so that percolating surface waters charged with 
carbonic acid and other organic acids have had access to them. 
The limestone at some places has been more or less completely 
removed, whereas the phosphatic and other less soluble constit- 
uents of the original rock have been allowed to accumulate. 
Where these accumulations have formed on relatively low or flat 
ground they tend to blanket the surface and form so-called 
“blanket deposits.” The floor of limestone on which they lie is 
very irregular, so the deposits range from nearly nothing to lo- 
cally as much as 50 feet thick in the deeper depressions or “ cut- 
ters.” The upper part of such deposits becomes leached of phos- 
phate to a greater or less depth and constitutes an overburden that 
must be removed. The phosphate thus leached tends to be re- 
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The Tennessee brown rock, like the Florida material, requires 
washing and beneficiation to produce the higher grades required 
for the market. The muck in the ground probably does not ex- 
ceed 60 per cent in B. P. L. content and much of it runs con- 
siderably lower, between 40 and 50 per cent. Matrix containing 
less than 30 per cent is considered unminable under present con- 
ditions. 

Blue Rock.—According to testimony given at the hearings of 
the Congressional Committee at Wilson Dam, Nov. 22, 1938, the 
blue rock is an unaltered portion of the Hardin sandstone member 
of the Chattanooga shale of basal Mississippian or Upper De- 
vonian age, occurring in Hickman, Lewis, and Maury counties 
underlying the edge of the Highland Rim on the southwest side 
of the central basin. It varies in thickness from a few inches to 
3 feet and is locally as much as 6 feet or more thick. In com- 
position it ranges from a somewhat phosphatic shale or sandstone 
to a highly phosphatic rock containing as much as 75 per cent of 
B. P. L. and averaging 65 per cent. As it requires underground 
methods of mining, which are more expensive than the open pit 





methods commonly used in mining the brown rock, comparatively 
little of it has been mined. 

White Rock.—The white rock deposits, found principally in 
Perry and Decatur counties, are secondary deposits formed by 
solution of phosphatic minerals in the overlying blue rock and by 
redeposition in crevices and openings in the underlying limestones, 
where they have to a considerable extent replaced chert and lime- 
stone. They are accordingly spotty both in distribution and grade. 
Hand specimens may run as high as go per cent or more of B. P. 
L. but the average of a deposit large enough to mine seldom con- 
tains more than 60 to 65 per cent. Only a few thousand tons has 
been mined. 

Reserves.—Jacob," expanding the earlier estimates of Phalen ** 
and making allowance for flotation, estimated the Tennessee phos- 

17 Jacob, K. D.: The phosphate reserves of the United States. Commercial 
Fertilizer Handbook, 1938, pp. 10-14. 


18 Phalen, W. C.: Phosphate rock in 1915. U.S. Geol. Surv., Min. Resources of 
the U. S., Part II, p. 238, 1916. 
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phate reserves at 101,364,000 long tons, of which 18,131,000 is 
brown rock and 83,233,000 blue rock. No estimate was made 
for white rock. 

Testimony before the Congressional Committee, which intro- 
duced phosphatic limestones as a part of the reserves, greatly in- 
creased the figures just given. The State Geological Survey of 
Tennessee has been reviewing this testimony and expects to give 
its version of it in a forthcoming publication. 

In response to a letter requesting information about this work, 
Capt. W. F. Pond, State Geologist, on August 23, 1939, wrote 
as follows: 


Five of the eight major operators in the State, including Tennessee 
Valley Authority, have given us their data on their reserves of brown 
rock. Estimated reserves of the three other companies are possible be- 
cause of more or less familiarity with their holdings. It is expected that 
we will get the actual figures from the companies later. . . . The estimates 
of reserves for the three companies are a comparatively smail portion of 
the total. 

Reserve estimates for known brown phosphate deposits on privately 
owned land include only those that have been personally examined by 
members of the Tennessee Division of geology, or by other qualified 
geologists or engineers. A considerable part of the data for these proper- 
ties has been derived from actual prospecting records. 

The reserves of brown rock on company owned and private lands total 
86 million long tons, averaging 48 per cent of B. P. L. This estimate is to 
a considerable extent proved by prospecting, and the balance of it has 
been estimated by well-qualified men. This does not include a large area, 
and, consequently, tonnage on private lands which has not been visited and 
estimated by qualified men. Dr. Whitlatch is reluctant to place a figure 
on this unestimated tonnage, but hazards a guess that it will certainly 
amount to 20 million tons, and quite possibly to 40 million tons. I may 
add that Dr. Whitlatch is essentially conservative and at times even 
ultraconservative in his estimates. 

The effect of more efficient and new methods of concentrating and 
mining is illustrated by the fact that one operator stated that if he dropped 
his grade from 45 per cent to 35 per cent on one particular tract, it would 
increase his tonnage by over 50 per cent. 

No attempt has been made to estimate the blue rock reserves as it is 
not felt that there is any additional data to what Phalen used in his earlier 
estimate of 86 million tons. 

The white rock deposits are very largely a matter of guess work. My 
own guess (and it is distinctly a guess) is somewhere between 15 million 
and 20 million tons of 45 per cent, or higher grade. . . .” 


The 86,000,000 tons of brown rock may safely be considered 
known reserves. ‘To these may be added as probable reserves 
the 20,000,000 tons on private lands less well explored. The 
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total, or 106,000,000 tons of brown phosphate, is the same as 
that presented at the hearings. No figure for phosphatic lime- 
stone is included. This limestone needs further study as it may 
prove a very large, low grade resource, but data regarding its 
phosphate content are now apparently meager. 

There seems no reason to change Jacob’s revision of the Phalen 
estimate for blue rock. It has not been mined recently so the 
figure may stand at 83,233,000 tons. 

Data for the white rock are meager. The lower figure given 
by Capt. Pond, 15,000,000 tons, may be accepted as representing 
possible reserves. 


BSOOWD BOCK oc ee aes ie Dine vic rnin Skies oe oie 106,000,000 * 
BONN AIMEE. 1c nig tea irtree Rete eee es A aa onan wie aie 83,233,000 
AI SUM hatte eels Reacts tne ac a) te 0 ais ere encore 15,000,000 


204,233,000 
* Whitlatch in paper presented before Am. Int. Min. and Met. Engrs., at Tus- 
caloosa, Ala. Nov. 3, 1939, and offered for publication by the Institute now gives 
brown rock reserves as 96,018,000 tons. 


KENTUCKY FIELD.”° 

Deposits of brown phosphate similar in appearance and origin 
to those of Tennessee have been found in Fayette, Woodford, 
Scott, Jessamine, Franklin and Clark counties in central Ken- 
tucky and prior to 1927 some phosphate was produced near the 
town of Wallace in Woodford County. Jacob’s figures, based 
on Phalen’s and allowing for subsequent mining but not for 
flotation, give Kentucky 863,000 long tons. 


ARKANSAS FIELD.”° 
The phosphate deposits of Arkansas are in the Cason shale of 
late Ordovician age and have been found in Stone, Izard, Searcy, 


19 Phalen, W. C.: The Central Kentucky phosphate field. Ky. Geol. Surv. in 
cooperation with the U. S. Geol. Surv., Frankfort, Ky., 1915. 

20 Branner, J. C.: The phosphate deposits of Arkansas: A. I. M. E. Trans., 26: 
580-598, 18906. 

Purdue, A. H.: Developed phosphate deposits of northern Arkansas. U. S. Geol. 
Surv. Bull. 315: 463-473, 1907. 

Miser, H. D.: Deposits of manganese ore in the Batesville District, Ark. U. S. 
Geol. Surv. Bull. 734: 25, 26, 55, etc., map, 1922. 
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Marion, Baxter, Newton, and Independence counties in the north- 
ern part of the State. The phosphate occurs as an original sedi- 
mentary deposit analogous to the blue phosphate of Tennessee. 
On Lafferty Creek in northwest Independence County, about 12 
miles northwest of Batesville, the section shows a low grade 
phosphate bed about 4 feet thick separated by a 2-inch bed of 
manganiferous iron ore from an overlying bed of higher grade 
phosphate 4% to 6 feet thick. Here production was in progress 
between 1900 and 1912. The grade of the rock is lower than that 
of Tennessee but the deposits are favorably located with respect 
to possible markets west of the Mississippi River. Very likely 
the grade of the product could be improved by grinding and 
flotation or other means but I do not know of any such work 
having been done on Arkansas rock. Phalen’s estimate of 20,- 
000,000 tons has not been changed but it would not be surprising 
if detailed investigation might show the reserves to be much 
larger. 
WESTERN FIELD. 

The Western phosphate field covers parts of Utah, Idaho, Wyo- 
ming, and Montana and has extensions northward into Canada 
(Fig. 4). 

Geologic Age——The phosphate occurs in two geological forma- 
tions, one of upper Mississippian age and the other Permian. 
Mississippian phosphate has been found chiefly in Utah but the 
horizon has been recognized here and there in Idaho. In general 
it is of low grade and not of commercial interest. The Permian 
phosphate comprises the major deposits of the Western field. In 
Idaho, Montana, and western Wyoming it is contained in the 
Phosphoria formation. Elsewhere in Wyoming it forms part 
of the Park City and Embar formations and in Utah it has 
hitherto been assigned to the Park City. Williams * now pro- 
poses to extend the use of the term Phosphoria from Idaho into 
Utah. 

Mode of Occurrence——tThe phosphate lies in regular beds like 
sandstone or shale and is of marine origin. Together with ac- 





21 Williams, J. Stewart: “ Park City” beds on the southwest flank of Uinta 
Mountains, Utah. A. A. P. G., Bull. 23, no. 1: 82-100, 1939. 
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Map of the Permian phosphate deposits of the Rocky Mountains. 
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companying formations it has been folded, faulted, and eroded 
so that it outcrops in bands that extend across country for many 
miles and the beds stand at any angle between horizontal and 
vertical. In places they have even been overturned. Accord- 
ingly, the phosphate must be mined by underground methods like 
coal. 

Stratigraphic Character and Relations—tThe phosphate is con- 
tained in the phosphate shale member of the Phosphoria forma- 
tion or in comparable position in the other formations named. 
In Idaho it is overlain by massive and thinbedded chert, which 
makes striking topographic features, easily recognized, and is 
underlain by ledge-making siliceous limestones of Pennsylvanian 
age, also prominent topographically. The phosphate shale mem- 
ber itself from 75 to 175 feet or more thick contains beds of 
shale, sandstone, and limestone as well as beds of phosphate rock. 
Generally there is a “ main bed” of phosphate 5 or 6 feet thick 
and of good quality near the base, and another similar but thinner 
bed near the top. In between are other beds differing in number, 
thickness, and quality at different localities. One of the best 
sections seen is that in Georgetown Canyon.** The main bed 
here, 6 feet 4 inches thick, contains 80.4 per cent of B. P. L. In 
the middle of the section are three beds that together comprise 
about 11 feet of phosphate containing more than 70 per cent of 
B. P. L. and there are in addition 8 other beds 5—17 feet thick con- 
taining 25-56 per cent of B. P. L. Some of the phosphate is 
thinbedded and friable and breaks down readily into loose earth but 
retains its characteristic oolitic texture. The oolites are small, 
rounded grains ranging in size from little larger than pin points to 
more than 1/16 inch. Other beds ranging in thickness up to 6 
inches or more are relatively harder and break up into blocks or 
lumps. The oolites commonly show a concentric structure and in 
some beds larger grains or nodules have been formed by successive 
coatings of phosphate on fish teeth or mineral grains. In some 
beds no concentric structure is seen in the oolites and the phos- 


22 Richards, R. W., and Mansfield, G. R.: Geology of the phosphate deposits 
northeast of Georgetown, Idaho. U.S. Geol. Surv. Bull. 577: 24-25, 1914. 
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phatic grains are closely pressed together. Here and there beds 
are composed of phosphatized shell fragments. 

Prospecting.—Prospecting in the Western field does not ordi- 
narily involve boring but is done by digging pits or trenches on the 
surface or by driving tunnels and drifts. When a good bed is ex- 
posed, a face is cleaned off and sampled by channelling in the same 
way as a bed of coal. Such prospecting and sampling as the Geo- 
logical Survey has done has been in connection with the classifica- 
tion of the public lands and not with the primary object of block- 
ing out reserves. Hence the prospects have not been systemati- 
cally spaced and are much farther apart—in some regions several 
miles—than they would be if the development of reserves had been 
the primary objective. 

Mining and Beneficiation—The mining of phosphate involves 
no special or unusual features although difficulties and expense 
have been encountered in some places where unfavorable ground 
had to be penetrated. No expensive washing equipment, such as 
must be used in Florida or Tennessee is required. This tends to 
offset the higher cost of mining. The rock as taken from the 
mine is simply crushed and dried to remove moisture or it may be 
calcined to remove CO, and organic matter. 

Phosphate Land Classification—On December 9, 1908, the Sec- 
retary of the Interior withdrew from all kinds of entry 4,541,300 
acres of public land in Idaho, Utah, and Wyoming, pending their 
classification as phosphate or non-phosphate land. The Geologi- 
cal Survey began the work of classification the following season, 
1909, and has continued it intermittently until the present, two 
projects, one in Idaho and one in Wyoming, being still in progress. 
As work continued some lands were restored as non-phosphate, 
others classified and restored as phosphate and still others with- 
drawn pending classification. Progress in the work is indicated 
by the fact that some 302,099 acres have been classified as phos- 
phate land. Of this acreage Idaho has 270,036; Montana, 3,833; 
Utah, 2,937; and Wyoming, 25,293. Similarly a large acreage 
has been classified as non-phosphate and restored for entry. The 
outstanding withdrawals as of July 31, 1939, include 1,822,805 
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eds acres of which 276,239 are in Idaho, 280,089 in Montana, 277,344 
in Utah, and 989,133 in Wyoming. 
rdi- The data used for classification are the detailed areal geologic 
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beds of different thickness and phosphate content is obtained by State 
applying certain principles and regulations devised in the Survey of th 
offices.* See Fig. 5. in de 

Reserves.—As the main phosphate bed in the Western field has incre 
hitherto been considered as the one most likely to be mined, all count 
figures relating to reserves have been based upon showings ob- 3. F, 


tained from that bed. Thus, much good phosphate has undoubt- 





the four Western States are given as follows: U 


edly been ignored in preparing estimates. On the other hand if bs 
too great depths have been assumed, or if losses are encountered In 
through former crustal movements, the ignored phosphate would tee te 
seem to provide an ample margin of safety. of tl 
Now that flotation, electric furnace, and other methods of re- show 
covery are being applied to phosphate rock it may be possible to great 
change future mining methods so as to include greater thicknesses tom 
of the phosphate shale and to justify deeper operations than those possi 
feasible for a 6 or 8-foot bed. Such considerations also serve to As n 
increase the hitherto published estimates of reserves, although and 
from present data such an increase could not be made very specific. phos 
Probably it would be safe to assume that these figures could be | mate 
doubled or perhaps trebled without undue violence to facts. How- | igno 
ever, I am not prepared now to make this expansion and prefer seem 
to give the figures on the old basis with such corrections as can be At tl 
applied to bring them up to date. On this basis the figures for | 000, 


RESERVES OF PHOSPHATE, WESTERN STATES AS OF SEPTEMBER 2, 1939. | 


TL MOREE a Sa ay tata CP mp Seed ae 5,.736,335,000 tons 
PROMTMIED® on 5 'sis we bo 5.5 me et aA ee oe BRS 391,323,000 “ | 
IGA Js ss a0 BS Soe wie lebih eee Se eae Sas 326,745,000 “ 


WV SOUNGE 5 cokes Sista cis a ok gee we BAe 115,754,000 


6,570,157,000 


Additional work done by the Geological Survey, or in progress 
by members of its staff will increase significantly the figures for 
Idaho and Wyoming. Dr. J. Stewart Williams ** of the Utah 


23 Smith, G. O. and others: Classification of the public lands. U. S. Geol. Surv. 
Bull. 537: 131, 1913. 

24 Williams, J. Stewart: Phosphate in Utah. Utah Agr. Exp. Sta. Bull. 290, 
Aug. 1939. 
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State Agricultural College has recently made an independent study 
of the phosphate resources of Utah, including areas not studied 
in detail by the Geological Survey. His results show a greatly 
increased reserve tonnage for Utah. Estimating reserves in 7 
counties and including material ranging down to 40 per cent in 


B. P. L. content he figures a total of 1,741,480,000 tons. 


SUMMARY OF PHOSPHATE RESERVES OF THE UNITED STATES. 


In connection with the activities of the Congressional Commit- 
tee to Investigate the Adequacy and Use of Phosphate Resources 
of the United States new evidence brought out at the hearings 
showed that the phosphate resources of the United States are far 
greater than previously supposed, amounting at present reckoning 
to more than Io billion tons not counting those reserves classed as 
possible or the phosphatic limestones of Florida and Tennessee. 
As more than 66,000 acres of withdrawn land in the Florida field 
and nearly 2,000,000 acres of withdrawn land in the Western 
phosphate field remain to be examined, and as the present esti- 
mates for the Western field apply only to the main bed and thus 
ignore much phosphate that may ultimately become available, it 
seems clear that figures for reserves may be enlarged still further. 
At the present rate of consumption, 3,000,000 tons annually, Io,- 
000,000,000 tons would last more than 3,000 years. 

U. S. GeotocicaL Survey, 

WasHIncrTon, D. C., 
November 13, 1930. 











USE OF SEDIMENTATION FEATURES AND 
CLEAVAGE IN THE RECOGNITION OF 
OVERTURNED STRATA.’ 


PHILIP J. SHENON anp ROGER H. McCONNEL. 


ABSTRACT. 


In mapping the closely folded Belt sediments of the Coeur 
d’Alene district, Idaho, the question frequently arises whether 
certain beds are overturned or not. The answer can in many 
cases be found by observing mud cracks, ripple marks, cross- 
bedding, and vertical gradations of grain size. Even more help- 
ful is cleavage, which is developed throughout the district and 
therefore can be used in many places where the sedimentation 
features just enumerated are lacking. The cleavage is believed 
by the writers to be mainly fracture cleavage. Both flow and 
fracture cleavage are useful in detecting overturns, because both 
dip more steeply than the beds in the upright limb and less 
steeply than the beds in the overturned limb of an overturned 
fold. Drag in cleavage, as in bedding, may indicate the prox- 
imity of faults. All these relations of cleavage to other struc- 
tures are well illustrated in the Big Creek anticline. 


INTRODUCTION. 
Fretp work in the Silver Belt of the Coeur d’Alene mining dis- 
trict, Idaho, was carried on during 1936-1937 under a coopera- 
tive agreement between the United States Geological Survey and 
the Idaho Bureau of Mines and Geology. Certain sedimentary 
and structural features in the Belt series of pre-Cambrian rocks 
were consistently used in working out the structures that influ- 
enced deposition of ore bodies. Mud cracks, ripple marks, cross- 
bedding, gradation in grain size from the bottom to the top of a 
bed, and pit and mound structure are the sedimentary features 
used ; cleavage is the structural feature. 

These features have long been recognized and some of them 
were effectively used in the Coeur d’Alene district by Calkins’ 

1 Published by permission of the Director of the United States Geological Survey, 


2 Ransome, F. L., and Calkins, F. C.: Geology and ore deposits of the Coeur 
d’Alene district, Idaho. U.S. Geol. Surv. Prof. Pap. 62: 42, 61, 1908. 
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as early as 1905, yet it is considered worth while to emphasize 
their value when applied to the working out of structures in a 
closely folded region. The chief use of these features is in the 
recognition of the tops of beds and consequently of overturns, 
which is of economic importance in the Coeur d’Alene district be- 
cause the productive veins, for example, those of the Sunshine and 
Polaris mines, are in the overturned limb of the asymmetrical Big 
Creek anticline * (Figs. 1 and 2). 
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Fic. 1. Section through the Sunshine mine, showing the relation of 
the Sunshine vein to be overturned limb of the asymmetrical Big Creek 
Anticline. 


CHARACTER OF THE BELT SERIES. 


IXxcept for lamprophyre and diabase dikes, the Belt series com- 
prises the only consolidated rocks exposed in the Silver Belt. 
This series consists principally of quartzite, argillite, slate and cal- 
careous rocks, which in the aggregate have a minimum thickness 
that probably exceeds 20,000 feet. Calkins* divided the Belt 


3 Shenon, P. J., and McConnel: The silver belt of the Coeur d’Alene district, 
Idaho. Idaho Bur. Mines and Geol. Pamphlet 50, 1930. 
4 Ransome, F. L., and Calkins, F. C.: Op. cit., p. 23, 1908. 
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series into six formations which he named in ascending order 
Prichard, Burke, Revett, St. Regis, Wallace, and Striped Peak. 
The Prichard formation is chiefly laminated black argillite and 
light gray, slightly sandy argillite. It contains two well-defined 
horizons of massive, white and gray quartzite. The Burke for- 
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Fic. 2. Section through the “ Silver Belt ” of the Coeur d’Alene min- 
ing district, showing the position of the Polaris and Chester veins in the 
asymmetrical Big Creek Anticline. 


mation consists of gray and greenish-gray sandy argillite, gray 
and nearly white massive quartzite, and some calcareous quartzite. 
The Revett consists of thick, massive beds of white and light 
gray quartzite, and a little gray sandy argillite and calcareous 
quartzite. Thin-bedded purple argillite alternating with sub- 
ordinate amounts of pink quartzite, limy gray quartzite, and, near 
the base, massive white quartzite constitute the St. Regis forma- 
tion. ‘The Wallace formation is a series of thin alternating beds 
of black argillite, nearly white quartzite, limy quartzite, and con- 
siderable laminated black and light gray argillite. The Striped 
Peak formation is similar in constitution to the St. Regis forma- 
tion. 
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SEDIMENTATION FEATURES. 


Mud Cracks——Mud cracks are common throughout the Belt 
series, but they are best displayed in formations with alternating 
beds of contrasting colors. They are especially well shown in the 
alternating black argillite and gray, more or less limy quartzite of 
the Wallace formation. Some-are also found in the St. Regis, 
Striped Peak, and Burke formations, but very few appear in the 
massive quartzites of the Revett formation. Only a few were 
noted in the Prichard formation. 

Mud cracks are most useful for determining the tops of beds 
when seen in cross section, as in mine workings or on joint planes. 
Fig. 3 shows cracks in black argillite filled with the white sand 
of the overlying bed. They are widest at the top, where they 
merge into the bed above, and become narrower downward. They 
range in depth from a mere roughness on the top of an argillite 
bed to three inches. 

The surface of a sun-cracked bed is a mosaic of more or less 
regular polygons separated by cracks that may be filled with 
the sediment of the overlying bed. According to Pirsson and 
Schuchert,’ “ After the whole series of mud-cracked deposits has 
become hardened into rock, the layers of shale and sand-stone may 
later be exposed, exhibiting these “ fossil’? mud cracks on the 
bedding planes. When the beds are thus exposed, the softer, 
mud-cracked layers commonly crumble away, leaving natural casts 
of the mud cracks as projecting ridges on the lower surfaces of the 
sandstone layers.” 


‘ ” 


‘natural casts” of mud 
cracks on the surfaces of many beds, they do not consider them 
as reliable criteria for determining the upper side of beds. It 
was many times noted that the filling of the mud cracks projected 
outward from the weathered top of the mud-cracked layer rather 
than outward from the bottom of the filling layer (Fig. 4). In 
many exposures also, mud cracks are represented by depressions 
between the mud-polygons, indicating that the filling material was 


Though the writers observed such 


5 Pirsson, L. V., and Schuchert, Charles: A Textbook of Geology, 3d ed., p. 225, 
New York, John Wiley & Sons, Inc.,. 1920. 
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Fic. 3. a, Mud cracks in black argillite of the Wallace formation 
filled with white quartzite (light gray) of overlying bed. 

b, cross section of filled mud cracks in vertical beds of Wallace forma- 
tion whose tops face right. 
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less resistant to erosion than the material that cracked while 
drying. 

Ripple Marks—Both wave, or oscillation, ripple marks, and 
current ripple marks are abundant in the sandy beds of the Belt 











Exposed Exposed 
Surface ini 


a. b. 














Fic. 4. (a) Sketch showing upright beds of mud-cracked argillite 
filled with overlying sandstone, which being resistant to erosion projects 
outward from the top of the argillite bed. 

(b) Overturned beds in which the resistant fillings of the mud cracks 
project outward from the bottom of the sandstone beds, and represent the 
bottoms, rather than the tops, of the fillings. Thus, mud crack fillings 
projecting from a bedding surface may represent either the top or the 
bottom of the mud crack, and are therefore not reliable in plan view for 
determining the upper side of the bedding surface. 
series. The agitation resulting from the oscillatory movement 
of water produced by wave action throws the granular sediment 
into ripple ridges that coincide in direction with the trend of the 
waves.° Ripple marks thus produced are characterized by sym- 
metrical, sharp-crested ridges alternating with wide troughs and 
are therefore useful for identifying the top side of beds (Fig. 5). 

Current ripple marks are asymmetrical (Fig. 6), with their 


6 Twenhofel, W. H., and others: Treatise on Sedimentation, 2d ed., p. 650, 1932. 
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gentle slopes facing upstream. They have little value for de- 
ciphering structure because they look the same whether viewed 
from top or bottom. All the current ripples seen were small, 
none having a wave length over 6 inches, nor an amplitude greater 


than 1%4 inches. The ripple index, that is, the ratio of amplitude 





Fic. 5. Wave, or oscillation ripple marks from the Striped Peak 
formation. Note the sharp crests and broad, symmetrical troughs. 

Fic. 6. Current ripple marks from the Striped Peak formation. The 
longer, gentler slopes face upcurrent. 


7 Twenhofel, W. H., and others: Op. cit., p. 666. 
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to wave length, is about I to 7, which is characteristic of water- 
formed ripples.’ 

In addition to the simple current and wave ripple marks nu- 
merous complex forms are abundant in the Belt sediments. 
There are many examples of compound current ripple marks re- 
sulting from the modification of a pre-existing set of current 
ripple marks by a later cross-current. ‘Tadpole nests,” or inter- 
ference wave ripple marks, also occur. These forms are caused 
by an abrupt change of wind direction, which superimposes a 
crossing set of wave ripple marks over the earlier-formed set, 
thus forming a mosaic of polygonal pits separated by intersecting, 
sharp crests. 

Numerous casual references classify ripple marks as shallow- 
water features; but they are not formed in shallow water only 
Current ripple marks may form in any depth of water at which 
the current is strong enough to move sandy or silty sediment. 
Hjort * has reported currents capable of moving sand, and there- 
fore of producing ripple marks, at depths of 800 meters. Wave- 
formed ripple marks apparently are restricted to somewhat shal- 
lower depths, although oscillations capable of rippling bottom 
sediments have been noted at depths up to 80 fathoms.° 

Cross-Bedding —Cross-bedding, or false bedding, consists of 
sub-parallel sandy layers lying at angles to the general stratifica- 
tion. At the base of a bed the laminz approach parallelism to 
the stratification planes, whereas at the top the laminae are sharply 
truncated by the overlying stratum thus giving a reliable means 
for recognizing the tops of beds (Fig. 7 

Cross-bedding is present in many of the quartzitic rocks of the 
Belt series and is particularly useful for interpreting the structures 
in the massive quartzite beds of the Revett and Burke formations. 
secause of the etching out of carbonate grains, cross-bedding is 
especially conspicuous in weathered exposures of the calcareous 
beds of these formations. 

8 Hjort, J.: The “ Michael Sars” North Atlantic deep-sea expedition. Geog. 


Jour., 37: 349-377, in Twenhofel, W. H.: Op. cit., p. 660. 
9 Twenhofel, W. H.: Op. cit., p. 661. 
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Fic. 7. Sketch of cross-bedding, illustrating the truncation of the 
tops of the cross laminae by the upper surface of general stratification. 


Gradation in Grain Size-——Gradation in grain size, especially 
where it is accompanied by a color change, is a sedimentary fea- 
ture that is of considerable use in working out structures. The 
gradation is usually discernable as a gradual change from light- 
colored quarzite in the lower part of a layer to dark-colored argil- 
lite in the upper. At the top, the dark-colored argillite is abruptly 
succeeded by the overlying layer of light-colored quartzite. 

Gradations of this sort are frequently seen in the Wallace for- 
mation, where the strong contrast between the dark argillite and 
white quartzite makes them strikingly conspicuous; they occur, 
but are less conspicuous, in the St. Regis and Prichard. In some 
of the Prichard beds, the alternating black and white laminae are 
so thin that gradations cannot be recognized in hand specimens, 
but thin sections cut at right angles to the bedding often show 


enough gradation in grain size to determine which were originally 
the upper sides of the laminee. 
Pit and Mound Structures——The bottoms of some of the light 
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gray and more quartzitic laminz of the Prichard formation are 
marked by sharply defined, crinkled surfaces, whereas the tops 
of these laminz join smoothly with the overlying black laminz 





Fic. 8. Cross-sectional view of a hand specimen of Prichard argillite. 
The bottom edges of the white, slightly sandy laminae are commonly 
crinkled, whereas the top edges are straight. 


(Fig. 8). Careful checking against evidence presented by mud 
cracks, cross-bedding and cleavage demonstrates that the crinkled 
surfaces are always at the base of the gray quartzitic layers. 
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The origin of this crinkly surface is obscure, but in plan it re- 
sembles the pit and mound structures described by Twenhofel."® 


CLEAVAGE. 

Cleavage is more generally useful as a means of recognizing 
overturned beds than the sedimentation features discussed above, 
because it is present throughout the Belt sediments of the Coeur 
d’Alene district and can be used in many localities where ‘ripple 
marks, mud cracks and cross-bedding are lacking. It is particu- 
larly useful for identifying the tops of beds in mine workings 

As defined by Leith,” fracture cleavage is 
a capacity to part along closely spaced parallel surfaces of fracture or 
near-fracture, commonly in a single set, but occasionally in intersecting 
sets. Fracture cleavage differs from ordinary flow cleavage or schistosity 
in that the surfaces of breaking are not determined by a parallel arrange- 
ment of mineral particles, but are independent of any such arrangement. 
Also it does not pervade the entire mass and affect all particles as does 
flow cleavage. 

Both fracture cleavage and flow cleavage are probably present 
in the Coeur d’Alene district, although the distinction between 
them is not clear in many places. For example, cleavage in the 
more argillaceous rocks may more nearly fit Leith’s definition of 
flow cleavage, whereas in nearby quartzitic rocks it corresponds 
with his definition of fracture cleavage. Calkins’’ considered 
that the cleavage in the Coeur d’Alene district corresponded with 
flow cleavage as defined by Leith whereas the writers of this paper 
believe that most of the cleavage exposed in the Silver Belt more 
nearly corresponds with Leith’s definition of fracture cleavage, 
and that most of the sericite mica along the cleavage in the Silver 
3elt has been formed by hydrothermal alteration after the cleavage 
was developed. . 

Leith ** points out that flow cleavage is parallel, and fracture 
cleavage is nearly parallel, to the axial plane of the fold in which 
each is developed. To this theorem he has added the following 
corollaries, which apply to both fracture and flow cleavage : 

10 Twenhofel, W. H.: Op. cit., pp. 680-682. 

11 Leith, C. K.: Structural Geology, rev. ed., pp. 148-149, 1923. 


12 Ransome, F. L., and Calkins, F. C.: Opt. cit., p. 65. 
13 Leith, C. K.: Op. cit., p. 185. 
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1. That the trace of bedding on a cleavage plane gives the angle 
of pitch of the fold.” 





Fig. 9. Cleavage in beds of the St. Regis formation, shown by the 
light, closely spaced, vertical shadows. Bedding is parallel to the two 
dark shadows, dipping to the right. The beds are right side up. 

Fic. 10. Cleavage in steeply dipping beds of the St. Regis formation. 
Bedding dips about 80° left, and cleavage about 60° right. The tops of 
the beds face left. 


14 Leith, C. K.: Op. cit., p. 185. 
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2. That an observer’s position in relation to the axial plane of 
a fold may be determined by the relation of cleavage to bedding.” 

3. That the top side of beds is shown by the attitude of cleavage 
relative to bedding.** If cleavage dips at a steeper angle and in 
the same direction as bedding, the beds are right side up (Fig. 9). 
Conversely, if cleavage dips at a lesser angle and in the same 
direction as bedding, the beds are overturned (Fig. 12). If 
cleavage and bedding dip in opposite directions, the top side of the 
bed faces upward (Figs. 10 and IL). 

Although these corollaries and their basic theorem are strictly 
applicable only to incompetent beds,** it should be pointed out.that 
even in quartzite bands, fracture cleavage may be useful for de- 
termining the tops of beds, in spite of the fact that the cleavage 
may not be parallel with the axial plane of the fold. Moreover, in 
many quartzite beds, fracture cleavage has greater usefulness be- 
cause its trace on a vertical plane has a pronounced “S”’ shape, 
toward either end of which its attitude is approximately parallel 
to the axial plane of the fold (Figs. 11 and 12). The top of the 
“S” always points toward the axial plane of the anticline. This 
turning of fracture cleavage from its attitude in the middle of a 
bed to a position nearly parallel to the argillaceous parting at the 
bedding plane is the result of ‘slight differences in grain size and 
therefore in relative competency and response to stress between 
the quartzite in the middle and outer parts of a bed. “ S ”-shaped 
cleavage is not seen in massive quartzite beds which do not have 
somewhat finer-grained material near the bedding surfaces. 

According to the strain theory, the bisectrix of the obtuse angle 
between bedding and fracture cleavage is the direction of non- 
rotational stress, and is normal to the axial plane of the fold (Fig. 
13). To fulfil these conditions, fracture cleavage in an asym- 
metrical fold must have lower dips in the overturned limb than in 
the upright limb (Fig. 13). 

15 Leith, C. K.: Op. cit., p. 182. 

16 Leith, C. K.: Op. cit., p. 183. 


17 Swanson, C. O.: Notes on stress, strain, and joints: Jour. Geol., 35: 193-223, 
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Fic. 11. Quartzite beds, not overturned, showing the “ S ”-shape of 
cleavage. Both ends of the “S” approximately parallel the axial plane 
of the fold. Tops of beds face left. 

Fic. 12. Overturned beds, showing “S”’-shape of cleavage. Tops of 
beds face left. 

Fic. 13. Sketch illustrating the application of the strain theory to an 
overturned fold. Note that fracture cleavage is less steep on the over- 


turned limb than on the upright limb. 
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This condition is fulfilled by cleavage in the eastward-trending 
asymmetrical Big Creek Anticline. In the overturned north limb 
of this fold, where the dip of the bedding ranges from vertical 
to 30° south, the cleavage dips from 70° to 15° south, being 
flattest in the beds which have the lowest reverse dips. In the 
upright south limb, in which the beds dip 30° to 45° south, the 
dip of the cleavage ranges from 60° south to vertical. 

Anomalous dips of cleavage are found in and near the major 
fault zones, which are later than the folding. For example, 
cleavage commonly has an abnormally steep dip near the Polaris 
normal fault zone, which cuts through the overturned limb of the 
Big Creek Anticline. At some places in the Polaris fault zone 
the cleavage and bedding are intensely buckled and broken. 
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OPENINGS DUE TO MOVEMENT ALONG A CURVED 
OR IRREGULAR FAULT PLANE. 


W. H. NEWHOUSE. 


ABSTRACT. 

A method is described for making a three dimensional analysis 
of the curvature or irregularity of a fault. This analysis may be 
used to determine the position of the openings or zones of low 
compression that are formed when fault movement takes place. 
Use is made of two coordinate directions lying within the plane 
of the fault, one parallel to the direction of fault movement, the 
other perpendicular to it. The angular variations of fault ir- 
regularity parallel to each of these directions, and also perpen- 
dicular to them give an analysis that considers all three dimen- 
sions of space. These angular variations may be conveniently 
shown by contours. 

The principles are briefly illustrated with dip-slip faults, and 
very briefly with strike-slip faults. The line of dip and line of 
strike of these faults approximate the two significant codrdinate 
directions. Extension of the principles is left to the reader. 

Two occurrences of ore deposits in dip-slip faults are briefly 
analyzed. 


It has long been recognized that in the filled-fissure type of vein 
the thicker parts of the veins may occupy openings formed by 
movement along an irregular fault surface so that badly fitting 
portions are brought together leaving openings, as channelways 
for solutions, or for mineral deposition. 

To form these faults the rocks broke along a curved or irregular 
fracture and were displaced. A feature of interest is the relation 
in a given fault vein between (1) amount of movement of the two 
opposing sides of this irregular surface and, (2) length parallel 
to the direction of fault movement of the curve or “ opening” 
occupied by the ore shoot or shoots. For example, compare the 
amount of displacement in Fig. 1a, section x”-z”, with length of 
the opening. 

1 Part of a chapter by the writer in a symposium on Relations of Ore Deposits to 
Structural Features. The Symposium is being sponsored by the Committee on 


Processes of Ore Deposition, National Research Council. The writer is responsible 
for the opinions expressed in this paper. 
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In the forthcoming symposium on Relations of Ore Deposits to 
Structural Features a considerable number of ore deposits are 
shown to be in faults of several hundred feet or more displace- 
ment. Although fairly numerous, these appear to form only a 
small percentage of the total number. Many contributors to that 
volume have emphasized the relatively slight displacement along 
most of the faults in which ore bodies are found. ‘The displace- 
ment is generally measured in tens of feet or less and becomes a 
subject receiving special comment when proven to be more than a 
few hundred feet. 

Contrasted with these figures, the relatively open parts, or curves 
occupied by one or several ore shoots of mine size are usually to 
be measured in the plane of the vein in terms of hundreds rather 
than tens of feet. Without wishing to overemphasize the dif- 
ference in magnitude of the two phenomena, it seems safe to as- 
sume that the ore shoots of sufficient size to make a mine, occupy 
“open” spaces or curves of a length along the vein that is gen- 
erally greater than the total amount of fault displacement. If this 
is true, the walls of these ore shoots have moved enough during 
the faulting to throw them out of “fit” but not to an extent that 
would move one wall completely beyond its companion curve on 
the opposite wall (Fig. 1a). * 

The following geometric analysis of the curvature or irregu- 
larity of a fault shows favorable and unfavorable curvatures 
whether they are of this origin or are entirely accidental ill-fitting 
portions of fault walls. 


FAULT DEVIATIONS OR CURVES THAT FORM OPENINGS AFTER 
FAULT MOVEMENT. 


Von Cotta’ recognized at an early date the relation between 
certain vein deviations, direction of fault movement and the posi- 


tion of related ore shoots. More recently Spurr,* Hulin * 


and 


2 von Cotta, B.: Die Lehre von den Erzlagerstattenlehre, 1850, p. 161. 
3 Spurr, J. E.: The Camp Bird compound veindike. Econ. GEoL., 20: 124, 1925. 
4 Hulin, C. D.: Structural control of ore deposition. Econ. GroL., 24: 38-40, 
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others ° have described or used certain of these deviations coupled 
with fault movement to explain the position of some ore deposits. 
The rules given are as follows: In normal faults a likely place for 
openings, and consequently ore shoots, is where the dip steepens; 
in reverse faults where the dip flattens. Similar principles obtain 
with strike deviations where an important component of the fault 
movement is parallel to the strike. FFerguson® in describing the 
Sixteen to One vein in the Alleghany District, California has men- 
tioned a general relation between the dip and thickness of the 
quartz vein. 

Although open spaces have long been recognized as solution 
channels or loci of ore deposition, only a part of the contributing 
geometric factors have been considered. It would seem desir- 
able to consider all the geometric variants of any given area along 
a fault surface. In exploration for ore shoots along a vein it 
would be important to recognize variations, which if continued 
would be favorable for production of openings or, conversely, 
variations that would produce areas of compression, or support 
—resulting in a tight fault. 


ANALYSIS OF THE DEVIATIONS OR CURVES OF A FAULT THAT 
PRODUCE OPENINGS AFTER FAULT MOVEMENT. 


In the general case of a curved or irregular fault surface, let 
two lines at right angles to each other and lying within the surface 
of the fault represent coordinate directions. Let the angular 
variations of fault irregularity or curvature be measured in both 
parallel and transverse directions along each of these coordinates. 
This makes possible a three dimensional analysis of fault curva- 
ture or irregularity. The best codrdinate directions to use are the 
line of fault slip and a line perpendicular to it and lying in the 
plane of the fault. The angular variations may be conveniently 
shown by contouring the surface of the fault. 

5 Anderson, Lovering and Wisser in the volume on Relations of Ore Deposits to 
Structural Features. 


6 Ferguson, H. G.: Gold-quartz veins of the Alleghany district, California. U.S 


Geol. Surv. Prof. Pap. 172: 108, 1932. 
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Two particular types of faults have been chosen for description 
and illustration : 


I. Dip-slip faults, which include those of normal and reverse 
movement, and 
II. Strike-slip faults. 


These two types are regarded only as special cases of the general 
relationship, but have been selected because the angular changes 
along the fault with respect to direction of movement may be easily 
described by dip and strike. It hardly needs to be mentioned 
that the same geometric principles apply to those faults, along 
which the movement has been in a direction intermediate to dip- 
slip and strike-slip. The reader will find the following discussion 
more easily understood and visualized with the aid of strips of 
soft sheet copper bent to conform to each other and moved to rep- 
resent the fault. Each of the two pieces may be cut almost com- 
pletely through and then twisted to represent Figs. 1, b, c, and 
roe Bed 

Variations of a curved fault surface along the two coordinate 
directions may be described as follows: 


(a) Change of angle of dip along the line of dip 
(b) Change of angle of dip atong the line of strike 
(c) Change of strike along the line of dip 

(d) Change of strike along the line of strike. 


With dip-slip fault movement three of these (a), (b) and (c) 
singly, or in combination all four, may participate in the formation 
of the curves or deviations that produce openings between fault 
walls. With strike-slip movement (b), (c) and (d) singly, or 
combinations of all four may participate. With movement be- 
tween dip and strike slip all four may contribute to form the 
deflections. 

The significant deviations are described and illustrated below: 


I, Faults with Dip-Slip Movement.—In normal faults openings 
will tend to be formed and consequently ore shoots (a) where the 
dip steepens up or down the dip of the fault, (b) where the dip 
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Fic. 1. Openings formed by fault curvature or irregularity along dip- 
slip faults. Effect of deviation along single codrdinate directions. 

A. Diagrammatic fracture surfaces dipping toward the reader and con- 

toured before fault movement. Horizontal projection. The extent 
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steepens along the strike, (c) in relation to favorable changes in 
strike up or down the dip. 

In reverse faults openings will tend to be formed and conse- 
quently ore shoots (a) where the dip flattens up or down the dip, 
(6) where the dip flattens along the strike, (c) in relation to fa- 
vorable changes in strike up or down the dip. It should be noted 
that (a), (b) and (c) may each vary favorably so as to be sup- 
plementary to one another, or they may vary unfavorably to 
neutralize one another. 





of openings shown in the diagrams B is dependent on curvature or 
irregularity, and amount of movement. In b and cI, c2, c3, c4 two 
adjacent portions of a fracture surface are contoured and are con- 
nected by curvature or deviation of the intervening fracture sur- 
face. The connections have been omitted except for one line or 
trace in the present figures since they distract attention from the 
principle discussed. 

. Effect of change of angle of dip along the line of dip. x’z’ trans- 
verse vertical section of fracture before movement; x”z” trans- 
verse vertical section after normal fault movement; x’’z’” 
transverse vertical section after reverse fault movement. 

. Effect of change of angle of dip along the strike. 

One portion of the contoured fracture surface dips steeply, the 
other less so. If the H. W. moves relatively down, it will ride 
on the flat dipping portion as a bearing surface, separating the 
H. W. from the F. W. on the steeply dipping portion to form an 
opening. Conversely, the steep-dipping portion becomes a sup- 
porting or abutment surface if the H. W. moves relatively up- 
ward, producing an opening along the flat-dipping portion. 

ci-c4. Effect of change of strike along the line of dip. The angle 
of dip in the horizontally contoured portions of the surface is 
considered to approximate the apparent angle of dip along the 
continuous trace on the left side of the portion represented by 
the diagonal contour lines. 

In cz and c4 if the H. W. of the upper segment of the two con- 
toured parts of the fracture moves down opposite the lower por- 
tion, an opening will be formed like B shown to the right. 

In c2 and c? if the H. W. of the lower segment of the fracture 
moves upward opposite the upper section, an opening like that in 
B will be formed. 

These four examples ci—4 illustrating the one principle are 
given for the reader’s convenience in examining the combinations 
shown in Figs. 2 and 3, and in the Fanney Mine, Mogollon, N. M. 
and the Sixteen to One Mine, Alleghany District, California. 

d. Effect of change of strike along the line of strike. No openings 
are formed by normal or reverse faulting where this factor alone 
is concerned. However, in combination, as with e in Fig. 2 it 
contributes to the formation of openings. 


g 


ao 


Wit! 
(d) ha 
The 


made « 


directic 


fault Trace on Horizont 


Opening 
formed by 
Normal Fault 





faylt Trace o7 Fe-iz0n 











Fic. 
slip fau 


associz 


tion al 
In t 
indicat 
gether 
parts 1 
fault. 
pulled 





MOVEMENT ALONG A FAULT PLANE. 451 










































5 in With dip-slip faults, change of strike along the line of strike 
(d) has no effect except in combination. 
ise- The illustrations of these single features (Fig. 1) have been 
lip, made diagrammatic in order to show deviation along only one 
fa- direction at a time. The openings with which ore shoots may be 
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ture associated would probably seldom be formed by a curve or devia- 
aon tion along only one of these arbitrary directions. 

are In the figures, only general location and size of openings are 
or indicated. The portions of the irregular fault walls that rub to- 
was gether and form bearing surfaces or the abutment areas are the 
— parts that support the rocks, or take the pressure normal to the 
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Fic. 3. Openings formed by fault curvature or irregularity along dip- 
slip faults. Effect of combinations of some deviations shown in Figs. 1 
and 2. Diagrammatic fracture surfaces dipping toward the reader and 
contoured before fault movement. Horizontal projection. The relative 
size of opening and bearing surface formed by faulting is dependent on 
the curvature and amount of fault movement. 


f. Combined effect of b -+- er. 


It should be noted that the effect of c in examples where a gradual 
change of strike takes place along the line of dip may be to form 
openings in general between the extremes of favorable strike varia- 
tion rather than on one of them as in cz—4. It should also be noted 
that the position of an “opening” with normal fault movement be- 
comes a bearing zone or “tight fault” area with reverse fault move- 
ment. 


g. Like f, but with a more accentuated tendency to form openings. If a 


fault surface is contoured by the Conolly method with reference to a 
plane approximately parallel to the fault surface and below or behind 
it “hills” and “depressions” appear. A portion of a fault with 
slight normal movement and a local curvature like that above the 
straight or median line of this diagram would appear as a “hill” and 
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another to form openings, or areas of low compression. Effec- 
tive ‘bridging ” or arching from two or three sides may be neces- 
sary to give a broad zone of ore shoots in “openings.” The 
average example will probably be formed by components of two 
or three of the variations. Combinations that give pronounced 
“bridging ” with faults of normal and reverse movement are 
shown in Fig. 3. 

IT. Faults with Strike-Slip Movement.—In faults where the 
displacement is chiefly horizontal, openings will tend to be pro- 
duced: (b) where the dip flattens or steepens along the line of 
strike coupled with appropriate direction of movement, (c) in 
relation to favorable changes in strike along the line of dip with 
appropriate direction of movement, (d) where the strike changes 
along the line of strike coupled with the appropriate direction of 
movement. 

The illustrations of fault deviations that are effective to pro- 
duce openings where the fault movement is horizontal have been 
made to show pronounced “bridging” or support on only one 
side (Fig. 4). A pronounced curvature of the fault on one side 
of an “opening ”’ such as is illustrated, for example, by Fig. 4b 
might taper off gradually on the opposite side of the “ opening’ 
and give space for solution movement and ore deposition. How- 
ever, it seems likely that a more pronounced tendency to form 
openings would be where arching and support are present on more 
than one side. Study of these features connected with many ore 
shoots will eventually settle this question. 








with local curvature like that below the median line a “ depression.” 

h. Combined effect of b + ez. 

i. Like h but with a more accentuated tendency to form openings. If a 
fault surface is contoured by the Conolly method “hills” and “ de- 
pressions ” appear. A portion of a reverse fault with slight move- 
ment and a local curvature like that above the straight or median line 
of this diagram would appear as a “ depression” and with local cur- 
vature like that below the median line a “hill.” These “ depressions ” 
and “hills” are thus genetically explained as caused by a combination 
of fault curvature and direction of fault movement. 
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Fic. 4. Openings formed by fault curvature or irregularity along 
single codrdinate directions of strike-slip faults. 


A. Diagrammatic fracture surfaces dipping toward the reader and con- 
toured before fault movement. Horizontal projection. The extent 
of openings is dependent on the curvature or irregularity of the 
fault and the amount of fault movement. In 4 of b and c, two 
adjacent portions of a fracture surface are contoured in each sketch. 
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e 


EXAMPLES OF ORE SHOOTS RELATED IN POSITION TO CHANGES OF 
DIP AND STRIKE OF A VEIN. 


Geometrical considerations suggest that the necessary deviations 
to give vein widths of several feet may not appear clearly on small 
scale maps. The ordinary mine level map, where drifting is done 
on the vein, at 100 foot levels is too small a scale to measure and 
study any but rather large deviations. The more accentuated 
curvature associated with some veins may appear on maps of a 
scale less than 100 feet to the inch. Where the fault vein does 
not dip too steeply, contours on the vein projected to a horizontal 
plane should show the curvature and relationships. With steeply 
dipping faults it may be necessary to tilt the usual horizontal plane 
of projection so as to spread the contours.’ Where the fault has 
large components of both dip- and strike-slip movement the writer 
would prefer to contour the fault with reference to a plane, that is, 
oriented with respect to movement as is the horizontal plane to 
moderately dipping faults with dip-slip movement. 

It should be emphasized that an “ opening ”’ along a fault or an 
ore shoot in a vein has three dimensions and, therefore, an analy- 
sis of fault irregularity that includes only two dimensions may 





These portions of the fracture are connected by curvature or devi- 
ation of the intervening fracture surface. These connecting por- 
tions have been omitted except for one line or trace so that the 
attention may be centered on the principle discussed. Only one 
bearing surface to give bridging or arching is shown with each 
example. 

Effect of change of angle of dip along the strike. 

One portion of the contoured fracture dips steeply, the other 
portion has a smaller angle of dip. With movement of the H. W. 
as shown by the arrow, an opening is formed between the flat- 
dipping H. W. and the more steeply dipping footwall. (See B). 
In geometric principle this is like c in Fig. 1. 

c. Effect of one change of strike along line of dip. 

By reversing the direction of movement the other general case 
may be visualized. With a given amount of fault movement in 
the direction shown by the arrows, an opening will be formed 
like B. In geometric principle 4c is like b in Fig. 1. 

d. Effect of change of strike along the line of strike. In geometric 

principle 4d is like a in Fig. 1. 


o 


7 See also Conolly, H. J. C.: A contour method of revealing some ore structures. 
Econ. GEOL., 31: 239-271, 1936. 
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give erroneous results. A common error is to consider only one 
of the angular variations along one or both of the coordinate 
directions. The coordinate direction and angular variation likely 
to be neglected are those perpendicular to the direction of fault 
movement. Thus, with a dip-slip fault the variations in fault 
dip may be considered, but the equally significant variations of 
the fault strike may receive no attention. Although very pro- 
nounced change along one angular deviation of one coordinate may 
form an “ opening ” it is certain that the contour pattern of a fault 
should be considered as a whole in making a final analysis. 


ORE DEPOSIT IN A NORMAL FAULT. 


Ore deposition in the anticipated position of openings along a 
vein is afforded by the Little Fanney mine, one of the largest pro- 
ducers of gold and silver in the Mogollon District, New Mexico. 
The ore shoots in this district are in veins filling faults that cut a 
thick series of volcanic rocks of andesitic and rhyolitic composi- 
tion. The mineralization is epithermal and the ore shoots are 
said to be confined to a fairly well defined zone that is less than 
1000 feet thick. At the Little Fanney mine the ore is in a normal 
fault with an apparent vertical displacement of about 300 feet.° 
According to Ferguson, the workings on this vein cover a vertical 
range of 1500 feet and a length of 4000 feet on the strike of the 
vein. Ore had been exposed, at the time of the report, through a 
vertical distance of 1200 feet to the 1100-foot level and for about 
2700 feet along the strike. The strike over the greater part of 
the vein is N. 74° W. and the dip about 70° S. (Figs. 5, 6). 
In the western part of the workings the vein appears to split into 
several branches. Minor splits in the vein are numerous and ac- 
cording to Ferguson appear to exercise some degree of control 
over the position of the ore bodies. The present writer believes 
that the ore bodies as a whole in this vein occupy a position along 
the vein that coincides with the expectable position of “ openings ”’ 


8 Ore deposits of the Western States. Lindgren Volume, A. I. M. E., 1933, pp. 


638-630. 


9 Ferguson, H. G.: Geology and ore deposits of the Mogollon mining district, New 
Mexico. U.S. Geol. Sury. Bull. 787: 76-78 and figures, 1927. 
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in a curved fault of this shape and with this kind and general 
amount of movement. 

Two assumptions on which this rests are that the stoped areas 
represent the approximate position of the ore above the goo-foot 
level, and that the different levels approximately follow the vein 
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Fic. 6. Transverse section, Littlke Fanney Vein, Mogollon, New 
Mexico, by Ferguson. U. S. Geol. Surv. Bull. 787. 


and may consequently be used as contour lines. In Fig. 7 the 
writer traced the solid lines on the levels shown on the plan (Fig. 
5) and interpolated with dashed lines. The approximate position 
of the stoped portions of the vein was taken from the vertical 
projection, Fig. 5. The resulting figure is regarded as a plan 
showing approximately the contours of the vein. 
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Analysis of Vein Contour, 


IVhole Ore Zone.—The ore bearing zone above the goo-foot 
level appears to lie in an area of the fault that shows favorable 
changes in (6) dip along the line of strike, (c) strike along the 
line of dip, and (d) strike along the line of strike, as in Fig. 3f. 
The favorable change of dip along the strike is suggested by 
the spread of the levels or contour lines at both the east and west 
ends of the ore zone. At the east end near the trace of the Queen 
vein outcrop, the lines on the 200-foot level and the unnumbered 
level above it diverge eastward from the 1100 level line. At the 
west end, divergence westward is present betwen the 700 level 
line and the 1100 level line. It is suggested that these end areas 
are regions of low dip compared with the dip of the ore-bearing 
zone asa whole. (c) The favorable change of strike along the line 
of dip is outlined at the extreme limits shown on the plan by com- 
parison at corresponding places along the line of dip. Compari- 
son is made of the line along the 1100 level and that on the 200 
level at the east end of the mine, as well as the unnumbered one 
above it, also at the west ends of the 600 and 700 level lines. 

The end areas would tend to form “bearing” or supporting 
zones in a normal fault as would also the unstoped area in the 
central part of the mine lying between the 500 level and the 1100 
levels. 

Individual Stoped Areas ——Information is lacking for an analy- 
sis of the fault deviations connected with the stoped area above 
the 300 foot level. 

The stoped area below the 400-foot level at the east end of the 
mine lies in a zone of favorable change of strike along the line of 
dip and of favorable change of dip along the strike. The lines 
on the 400 or 500 levels when compared with those on the goo or 
1100 levels indicate both these features. The part of the western 
stoped area lying between the 600 and goo levels lies in a similar 
favorable change of dip along the line of strike. In brief, these 
two large stoped areas lie in smaller curves that mimic the large 
one containing all the stoped areas. The influence of change of 
dip along the line of dip is apparently only local. 
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ORE DEPOSIT IN REVERSE FAULT. 


The Sixteen to One mine, Alleghany District, California is 
given as an example. The data are taken from Ferguson’s ex- 
cellent report.” This gold-quartz vein is in a reverse fault, with 
mineralization of mesothermal type. The mine has been the most 
productive in the district, with the greater part of the production 
from between the Sixteen to One shaft and the Compromise raise, 
that is, the two southernmost stoped areas shown on Fig. 8. The 
gold is later than the early quartz. On the whole the quartz is 
thickest in the flatter portions of veins that follow reverse faults in 
this district."* This is suggestive, as Ferguson remarks, of the 
filling of open spaces, but as he points out may indicate not actual 
open spaces but merely areas in which compression was less severe. 

The displacement on the reverse fault that is followed by the 
Sixteen to One vein as measured along the dip, ranges from goo 
feet along the line C—C’ (Fig. 8) to less than 500 feet in the 
northern part along A—A’ and less than 300 feet in the southern 
part along G-G. The dip varies greatly from less than 20° to 
60°, but over most of the productive part of the mine the prevail- 
ing dip is between 25° and 30° E. Little high grade ore has been 
obtained from the large lenticular swellings of quartz, but their 
edges where they fade out along the strike have been very produc- 
tive. 


Analysis of Vein Contour, 


Whole Ore Zone.—In this discussion the high grade ore shoots 
are not distinguished from those of lower grade (Fig. 9). The 
mined areas as a whole appear to lie in a curved area (Fig. 3/) 
and in addition occupy a favorable change of dip up the dip. It 
is suggested that areas of compression or supporting surfaces are 
being approached in several big areas on the border of the ore 
bearing zone. The combined change of (b) dip along strike, and 
(c) strike along line of dip suggest that the South end and the 

10 Ferguson, H. G.: Gold-quartz veins of the Alleghany district, California. U.S 


Geol. Surv. Prof. Pap. 172: 28-86, 106-109, 1932. 
11 Op. cit., p. 81. 
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Plan of Sixteen to One Vein. 
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Fic. 


Alleghany District, Cal., by Ferguson. 


2, Plate 53. 
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upper part of the North ends of the zone that produced ore, are 
entering zones of compression or bearing areas unless they change 
farther out. 

Individual Stoped Areas—The present writer has little infor- 
mation on level elevations in the north half of the mine above the 
1000-foot level. Only the two southernmost stoped areas will be 
discussed. 


——<—————— > 





500 Feet 

Fic. 9. Contour map of Sixteen to One Vein, Alleghany Dist., Cal. 
Generalized position of stoped areas to year 1925 indicated by dots. Black 
lines and areas show quartz above 1300 ft. level. 


Dashed lines are inter- 
polated contours. 


The stoped area in the southern end of the mine is outlined by 
favorable changes in (b) dip along strike, and (c) strike along 
line of dip. These, although not pronounced, are analogous to 
those of the main zone. This favorable warp is outlined by the 
lines on the 250-foot level and on the 600 or 800 levels. The 
trends of the 300 and 400 level lines through the stoped area 
suggest the same feature. 
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The second stoped area from the south end of the mine shows 
similar features as outlined by the 1200- and 1300-foot lines and 
the 300- and 400-foot lines. The heavier quartz veins in this 
area are apparently in the more accentuated parts of the curve. 


CONCLUSIONS. 


The qualitative treatment that has been given could be made 
quantitative by graphic or mathematical means. 

However, other factors besides geometry enter into. any con- 
sideration of the 


‘ 


“openings” that may be produced. Even if 
the opening that is formed by any one pulsation of fault move- 
ment is not wide, minor bridging must take place where the rocks 
settle or give way here and there to the pressure normal to the 
fault. This would be expected particularly with a large favorable 
curve extending for hundreds of feet along a vein. Where the 
pressure normal to the fault is great and the rocks weak, favorable 
curvature would be expected not to give openings, but only zones 
of lower compression than elsewhere along the fault. This partial 
accommodation of one irregular surface to another might be ac- 
complished by flowage, fracturing or faulting or some combina- 
tion of these. The subsidiary faults related in part or wholly to 
such action would form an interesting and commercially profitable 
subject for inquiry. What are their attitudes with respect to 
the geometric features of the main fault and the direction of 
movement along it? 
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DISCUSSION AND COMMUNICATIONS 





THE GEOCHEMISTRY OF QUICKSILVER 
MINERALIZATION.’ 


Sir—The paper “ The geochemistry of quicksilver mineraliza- 
tion’ by Robert M. Dreyer in recent numbers of this journal? is 
a comprehensive treatment of a subject on which there is a de- 
plorable dearth of definite information. It does a distinct service 
in the assembly of references to the literature that bears on the 
problem. Dreyer’s discussion, however, appears to us to include 
interpretations and conceptions that call for some discussion. 

He subscribes to the view, which has long been generally ac- 
cepied, that mercuric sulphide is precipitated from hydrothermal 
alkaline sulphide solutions at temperatures of 100°—150° C. and 
at pressures close to atmospheric. He discusses at length the fact 
that mercuric sulphide is soluble in alkaline solutions and insoluble 
in neutral and acid solutions, but states on page 36 that “ increased 
acidity is not generally a common cause of the precipitation of 
mercuric sulphide.” It would seem, however, that an increase in 
acidity, t.e., a partial neutralization of the alkaline sulphide solu- 
tion, affords a simple and adequate mechanism for the precipita- 
tion of mercuric sulphide. Any assumption that such a process 
does not commonly take place under natural conditions requires 
the support of more positive field evidence than has yet been 
presented. 

One of Dreyer’s reasons for disbelief in the efficacy of acidifica- 
tion is the rarity of metacinnabar in quicksilver deposits. His 
argument on this point, among others, rests largely on an apparent 
misinterpretation of the experimental work of Allen and Cren- 

1 Published with the permission of the Director, U. S. Geological Survey. 

2 Dreyer, Robert M.: The geochemistry of quicksilver mineralization. Econ. 


GEOL., 35: 17-48, 140-157, 1940. 
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shaw.* He seems not to have realized the meaning of their proof, 
which he accepts, that metacinnabar is a monotropic form of mer- 
cury sulphide. The fact that metacinnabar is a monotropic form 
means simply that it is metastable with respect to cinnabar under 
all conditions. Theoretically, therefore, metacinnabar is always 
changing to cinnabar, and statements such as those by Dreyer, 
that “ cinnabar will be deposited only from markedly alkaline solu- 
tions’ (p. 44) and “ metacinnabar could be converted to cinnabar 
only by the action of hot alkaline solutions” (p. 48), are incorrect. 
The same objection applies to his statement on page 44, that, “ in 
so far as the study-of quicksilver mineralization is concerned, mar- 
casite, like pyrite’ is stable over the entire range of possible physi- 
cal conditions,” as marcasite is monotropic with respect to pyrite. 

It is true that often the rate of transformation of a monotropic 
substance is so slow that the substance is for all practical purposes 
stable. From this standpoint, the foregoing discussion might be 
considered merely academic. It is important, however, to realize 
that laboratory experiments on the conditions under which mono- 
tropic substances are formed merely give indications as to the rate 
of the transformation into the stable form under certain specified 
conditions ; furthermore, it is well known that slight changes in 
conditions, for example the presence of small amounts of certain 
impurities, may have an important effect in determining which of 
two polymorphous forms is precipitated.* It must also be borne 
in mind that laboratory experiments, performed in the limited 
time that marks the duration of all human endeavor, only point 
the way to an understanding of processes that continue through 
geologic time. For these reasons, it is necessary to use consider- 
able caution when applying the results of laboratory experiments 
to geological problems, and particularly to those in which mono- 
tropic substances are involved. 

Dreyer cites the work of Allen and Crenshaw as showing “ that 
in acid solutions above 200° C. and in alkaline solutions above 


3 Allen, E. T., and Crenshaw, J. L.: The sulphides of zinc, cadmium, and mercury: 
their crystalline form and genetic conditions. Am. Jour. Sci., 4th ser., 34: 341-06, 
1912. 


1 See, for example, Bloom, M. C.: The mechanism of the genesis of polymorphous 


forms. Amer. Min., 24: 281-92, 1939. 
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100° C., metacinnabar is converted to cinnabar”’ (p. 34). In 
his discussion of the citation he evidently considers these tempera- 
tures as fixed transition points. Thus he says (pp. 35-36), 
“Were increased acidity an important precipitating agency, de- 
spite the absence of metacinnabar in most deposits, one of the 
following changes must have occurred: (1) A temperature above 
200° C. must have existed . . . (2) A new influx of alkaline sul- 
phide solutions would be needed.”” From what has been said, it 
is obvious that 100° and 200° C. are not, as Dreyer evidently as- 
sumes, fixed transition temperatures’ but merely the temperatures 
at which metacinnabar is converted to cinnabar at a reasonably 
rapid rate under certain specified conditions. Turning to the 
paper by Allen and Crenshaw, we find (p. 378) that they report 
(1) that metacinnabar, heated at 100° C. for an unspecified time 
with (NH,).S of unspecified concentration, was completely con- 
verted to cinnabar; (2) that metacinnabar, heated at 200° C. for 
4% days with 30 per cent H.SO,, was about 10 per cent changed 
to cinnabar. All that these experiments indicate is that the trans- 
formation of metacinnabar is accelerated by the presence of alka- 
line sulphide solution and retarded by the presence of much acid. 
Statements such as those of Dreyer on p. 35, “that, in acid solu- 
tions below 200° C., only metacinnabar is precipitated”’ and 
“similarly, metacinnabar is converted to cinnabar in alkaline sul- 
phide solutions at about 100° C.” are meaningless, even when 
limited to laboratory results, unless the exact concentration of al- 
kaline sulphide or of acid is specified. 

Apparently Dreyer believes that those who advocate precipita- 
tion of mercury sulphide by acidification imply that the solution 
must become strongly acid. Such a condition is not necessary to 
accomplish the precipitation of HgS, as may readily be seen from 
the table below, which is part of Knox’s data at 25° quoted by 
Dreyer (his table 3, p. 29). 


Concn. NazS HgS dissolved in pure 
moles/liter NaS (moles/liter) 
EGES) cis stein s sabes ec 0.4423 
OlSO sees sA.c arses wwleies 0.1500 
ERG at nian asw.d5-0 icin a Os 0.0454* 


OND: aoe c5e ahiere S010 0.0082 


* This is misprinted as 0.454 in Dreyer’s paper. 
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Consider the neutralization of the most concentrated solution 
of the table above. When half the Na.S has been neutralized, 
29/44, or nearly 66 per cent, of the HgS will have been precipi- 
tated. If three-fourths of the Na.S is neutralized’ nearly 90 per 
cent of the HgS will have been precipitated, and the solution still 
contains 0.25 moles of NasS (= 19.5 g.) per liter. If nine- 
tenths of the Na.S is neutralized, over 98 per cent of the HgS 
will have been precipitated, and yet the solution still contains 7.8 
g. of Na.S per liter and is a decidedly alkaline solution. The pro- 
portion precipitated would be of the same order of magnitude if 
the original solution were of some other concentration or if it con- 
tained free alkali (see Dreyer’s Tables 1, 2 and 3, pages 28 and 
“ The 
scarcity of metacinnabar suggests that increased acidity is not an 


29). It is apparent that Dreyer’s statement (p. 35) that 


important factor in the precipitation of most mercury ores ’”’ has 
no basis in fact, because, as shown above, nearly all the mercuric 
sulphide precipitated by acidification of the solution would be 
precipitated from solutions still strongly alkaline. Furthermore, 
such acidification would cause the precipitation of silica along with 
the mercuric sulphide. 

Dreyer states (p. 30)—‘ The carbonatization associated with 
some quicksilver ores must thus have been accomplished at a time 
when the mineralizing solutions were slightly acid and must thus 
be distinct from the period of cinnabar deposition.” This view, 
repeated in different words on page 141, will doubtless come as a 
surprise to most geologists and chemists, as the fact that alkaline 
solutions can contain calcium bicarbonate scarcely needs to be 
demonstrated. Incidentally the sentence quoted above would be 
more easily understood if rephrased somewhat as follows: “ The 
carbonate minerals associated with some quicksilver ores must 
thus have formed at a time when the mineralizing solutions were 
slightly acid and these minerals cannot, therefore, be syngenetic 
with the cinnabar.’”’ Similar confusion between processes and 
the results of the processes is common throughout Dreyer’s paper. 

Dreyer’s reasons (p. 38) for dismissing reductions by organic 
compounds as a cause for the occurrence of native mercury are 
not convincing. Coal and charcoal, which are the only organic 


substances considered by Dreyer, are much weaker reducing 
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agents than many of the bituminous substances found associated 
with cinnabar. The significance of the presence of such sub- 
stances in most quicksilver lodes has not as yet received adequate 
study. 

The second part of the paper consists mainly in the application 
of the chemical concepts outlined in the first part to certain quick- 
silver mining districts. The basis is the petrographic study of 
specimens from these districts supplemented by detailed geologic 
field work only in the Goldbanks district, Nevada.® Valuable 
ideas are contributed but the paper needs to be read with care and 
discernment in order to view these ideas in proper proportion. 

The Goldbanks district is a minor representative of a numerous 
but little known group of quicksilver deposits, mainly in northern 
Nevada and southern Oregon, popularly known as “ opalite ” de- 
posits. These deposits are so different from many of those in 
California and other States that inferences based on observations 
at Goldbanks may not be appiicable to other kinds of deposits. 
At Goldbanks the cinnabar is in a siliceous spring sinter’ but this 
association is not necessarily indicative of a universally close rela- 
tion between cinnabar and silica. Chalcedony, opal, and quartz 
are abundant in some of the deposits in California. These min- 
erals are, however, in part so much older than the cinnabar as to 
suggest that they have a different genetic significance in California 
than they do at Goldbanks. In some of the Californian and 
Texan deposits carbonates are far more conspicuous components 
of the gangue than silica minerals are. 

The intimate mixture of pyrite and marcasite with cinnabar and 
metacinnabar in the ore of the Mount Diablo mine, Cal., certainly 
suggests changes in the character of the solutions during deposi- 
tion, but lends little support to Dreyer’s conclusions as to the mode 
of origin of the different forms of mercuric sulphide. His argu- 
ment that part of the iron disulphide crystallized later than the 
mercuric sulphide minerals is sound, but there is equally good 
evidence that part of the pyrite and marcasite formed earlier.® 

5 Dreyer, R. M.: Goldbanks mining district, Pershing County, Nevada. Univ. of 
Nevada Bull. 34, no. 1: 1-36, 1940. 


6 Ross, C. P.: The Mount Diablo quicksilver district, Contra Costa County, 
California. U. S. Geol. Surv., in preparation. 
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Dreyer on pages 151 to 155 contends that replacement was a 
major factor in the formation of many quicksilver deposits, in 
contrast to Becker’s concept that essentially all cinnabar has been 
deposited in open space.‘ Becker’s statements may be too sweep- 
ing but the difference between his views and Dreyer’s is in part a 
matter of definition. Dreyer says that the present concept of re- 
placement involves “large scale solution and _redeposition,”’ 
whereas Becker regarded it “as a process of molecular inter- 
change.”’ Becker’s concept of the process is still essentially the 
generally accepted one as is attested by Lindgren’s recent state- 
ment * that replacement is “ the process of practically simultaneous 
capillary solution and deposition by which a new mineral of partly 
or wholly different chemical composition may grow in the body 
of an old mineral or mineral aggregate.” As Dreyer says near 
the bottom of page 154, most of the cinnabar in ordinary quick- 
silver ore fills intergranular openings and fractures that existed 
prior to mineralization. The limited amount of cinnabar formed 
by replacement, in the unusual sense in which Dreyer defines this 
term, differs in mode of emplacement only in that it fills openings 
formed chemically at some stage prior to the deposition of the 
cinnabar instead of mechanically before mineralization began. 
The facts that Dreyer presents-on the basis of his microscopic ob- 
servations could be explained on the assumption that there was 
an appreciable time interval between creation of the openings and 
crystallization of the cinnabar. As thus viewed, the arguments 
put forth by Dreyer are not so much opposed as they might appear 
at first glance to the essential concept that in most kinds of quick- 
silver lodes ore of commercial value is localized only where abun- 
dant open spaces were available at the time that the cinnabar 
crystallized. 

JosepH J. Faney, 
MicHAEL FLEISCHER, 
CLYDE P. Ross. 
WasuineTon, D. C., 
April 6, 1940. 
7 Becker, G. F.: Quicksilver deposits of the Pacific slope. U.S. Geol. Surv. Mon. 


13: 30, 315, 394-401, 1888. 


8 Lindgren, Waldemar: Mineral Deposits, 4th edit., p. 91, 1033 
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Geology and Engineering. By Rosert F. Leccet, with a foreword by 
P. G. H. Boswell. Pp. 642; Figs. 225. McGraw-Hill Book Company, 
New York, 1939. Price, $4.50. 


This book differs from others on the same general subject in that it is 
written by an engineer with additional training in geology, whereas all 
the others are by geologists. The author states that his book is not for 
geologists but for engineers; the reviewer commends it to both groups, 
with certain reservations. The engineer who lacks training in geology 
will find it inadequate for his needs in some respects, but he will be deeply 
impressed with the need for geologic advice in many of his undertakings. 
The inadequacy lies more in the character of the subject than in the 
treatment, for it seems impossible to combine the fundamentals of physical 
geology with a thorough treatment of their application in a single book 
or in a single course. ; 

-art I, a brief introduction to geology, can safely be passed over by 
the geologist reader. It will be of interest to the engineer but seems to 
be too brief (54 pages) to give him an adequate background of knowledge 
for the far more important Part II on “Geology as applied in civil 
engineering.” 

Part II begins with chapters on the relationships between civil engi- 
neering and geology and on preliminary and exploratory work. Both 
should be read by geologist and engineer alike. They are followed by 
a clear discussion of geophysical methods and their adaptability to various 
types of engineering work. The remaining thirteen chapters of Part II 
will surprise many geologists in the diversity of engineering problems that 
touch on geology. In addition to chapters on dam and bridge foundations, 
there are discussions of tunnels, open excavation and embankments, trans- 
portation routes (roads, railways, harbors, and airports), reservoirs, 
building foundations, and construction materials. 

Interspersed with these objective chapters are more subjective discus- 
sions of earth movement and landslides, erosion and silting, water supply, 
groundwater, and soils and soil mechanics. This treatment, though pos- 
sibly unavoidable, will probably be less confusing to the geologist than to 
the engineer, who may fail to realize how many geologic factors are likely 
to be involved in a single dam site, for instance. The chapter on soils, 
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incidentally, includes extensive discussions of rock weathering and of 
glaciers and their products. 

Each chapter deals with the subject matter clearly and, with few excep- 
tions, as fully as possible in a work of this size and scope. The chapter 
on tunnels, for example, will give the thorough reader not only a knowl- 
edge of the principal geologic factors that are likely to affect tunneling 
operations, but of many ingenious methods that have been adopted by 
engineers to overcome the difficulties imposed by local geologic features. 

The general statements are given point by a profusion of actual ex- 
amples drawn from world wide sources. These examples are so numerous 
and so closely interwoven with the generalizations that a reader in search 
of specific information may find it necessary to read entire chapters that 
cover his interests of the moment; however, the examples, together with 
the numerous well chosen illustrations, constitute much of the book’s 
value. Not only do they provide factual information of the greatest 
importance, but they afford a rich source of illustrative material for the 
teacher. In particular, they will add spice to the geologic sauce for those 
student minds that require practical value in the sciences they study. 

Several gaps in the record, many of them doubtless owing to lack of 
space, will be apparent to the thoughtful reader; for example, there is no 
explicit warning that grouting can actually be done at too high pressures 
and so force the rocks apart. Similarly, there is no statement that post- 
construction enlargement of leaks in limestones that form the foundations 
of dams is more often due to removal of clay fillings in old caves rather 
than to continued solution. There is lack of emphasis on the effect of 
local structural conditions in discussions of drill core recovery, of uplift 
pressures, and of other subjects. 

The book closes with a series of appendices which include an excellent 
glossary of geologic terms, brief details regarding the geological surveys, 
societies, and publications of the English speaking world, and a bibliog- 
raphy of more than 300 titles of papers referred to in the text. This 
bibliography, with the lists of reference works at the end of each chapter, 
forms an important part of the work. 

Geology and Engineering can scarcely be recommended as a text for 
a beginning course in geology for engineers; however, for more advanced 
students or for the practising engineer who possesses the fundamentals 
of geology, it has much to commend it. It should be read and absorbed 
by every geologist who has anything to do with engineering work, and it 
should prove invaluable to everyone who teaches geology to engineers. 

Epwin B. Ecket.! 
U. S. Grotocicat SurRvVEy, 
WasuinoTon, D. C. 


1 Published by permission of the Director, U. S. Geological Survey. 
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Finding and Producing Oil. Amer. Perrot. Inst., Dallas, Texas, 1939. 
Pp. 338. Price, $3.00. 


This is an excellent concentrated manual on finding and producing oil 
prepared by the Institute, assisted by 15 authors. There are 15 sections 
in which are included Geological Methods (46 pp.), Geophysical Methods 
(16 pp.), Drilling, Sampling, Coring, Surveying, Production, Testing, 
Training, Laws, Associations, Societies, Manufacturers, Drilling Con- 
tractors, and Fundamental Research. Good reference lists accompany 
each section, some of which are longer than the articles they amplify. As 
an illustration of the compactness, only one page each is devoted to elec- 
trical logging, gravitational methods and reflection methods of geophysical 
prospecting. Obviously, details are lacking—purposely. That is why it 
should prove a handy reference to one who wishes, first, a general view- 
point and second, where to turn for detail. 


Textbook of Geology. Part I, Physical Geology, 2nd Edit. By C. R. 
LonGwELL, A. Knopr anp R. F. Fiint. Pp. 543; Figs. 340. John 
Wiley and Sons, New York, 1939. Price, $3.75. 


This is the second edition and revision by the present authors, of the 
former well established textbook of the same name by L. V. Pirsson. The 
revision follows the general plan of its predecessor but it shows an in- 
crease of 29 pages. Two chapters have been added, one on “mass- 
wasting,” an excellent addition, and one unifying land sculpture by running 
water. Other chapters have been considerably revised or reorganized, 
the newer material in geology has been added, and there is notable im- 
provement in illustrations. The book maintains its place as the leading 
textbook in physical geology. 


The Throne of the Gods. By Arnotp Heim ann AuGusT GANSSER, 
translated by Eden and Cedar Paul. Pp. 235; Figs. 220; Map. Mac- 
millan, New York, 1939. Price, $5.00. 


This book is a popular by-product of the Swiss Geological expedition 
to the little known parts of the Central Himalayas. The strictly scientific 
research that resulted from the expedition is reserved for another volume 
and this one deals wtih the country, the people, the animals, the plants and 
the experiences and discoveries of the authors in the mountains in Tibet 
and Nepal. Naturally, quite a little geology has slipped in. The many 
photographs are sketches truly remarkable and are in themselves a liberal 
education. The book is delightfully written and the story is entrancing. 
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Textbook of Paleobotany. By W. C. Darran. Pp. 441; Figs. 180. 
Appleton-Century Co., New York, 1940. Price, $6.00. 


This is another volume of the Botanical Publications in The Century 
Biological Series by Professor Darrah of Harvard. Botany and geology 
are interwoven in this introductory paleobotany but the reader is assumed 
to have some knowledge of introductory botany and historical geology 
and the viewpoint is dominantly geological. There are four parts: (1) 
General Principles (including the paleobotany of coal), (2) The Paléon- 
tological History of the Vascular Plants, (3) The Succession of Ancient 
Floras (Paleozoic, Mesozoic, Cenozoic and Present), and (4) General 
Results. The illustrations are good but sparse. The book is well written, 
thoroughly up-to-date and the material is well organized. 


BOOKS RECEIVED. 
DAVID GALLAGHER. 


Relatorio da Diretoria, 1937. A. I. pE OLiverra. Pp. 227; pls. 14. 
Servico de Fomento da Produgao Mineral, Bol. 31. Rio de Janeiro, 
1938. Occurrence and production data on minerals alphabetically ar- 
ranged ; register of mining companies; statistics. 

Rutilo em Goiaz. O. H. Leonarpos. Pp. 96; pls. 28; geologic map in 
color, 19” X 19”, scale ca. 1.36” = 50 kms. Serv. de Fom. da Prod. Min., 
Bol. 30. Rio de Janeiro, 1938. 


Rochas da regiao de Braganga a Turi-assu. H.C. A. pe Souza. Pp. 
36; pls. 6; 1 map. Serv. de Fom. da Prod. Min., Bol. 32. Rio de 
Janeiro, 1938. 


Contribuicgao para a Geologia do Petroleo no Sudoeste de Mato 
Grosso. G. pE Paiva anv V. LErnz. Pp. 98; figs. 7; pls. 6. Serv. 
de Fom. da Prod. Min., Bol. 37. Rio de Janeiro, 1939. 

Gipsita. T. p—E M. Morags. Pp. 15; figs. 3; pls. 4. Serv. de Fom. da 
Prod. Min., Avulso 35. Rio de Janeiro, 1938. 


O Inlandsis Permo-Carbonifero do Sul do Brazil. G. pe Paiva. Pp. 
34; figs. 2. Serv. de Fom. da Prod. Min., Avulso 36. Rio de Janeiro, 
1938. 


Columbita e Tantalita no Rio Grande do Norte. H. C. A. pe Souza. 
Pp. 16; 1 pl.; 1 map. Serv. de Fom. da Prod. Min., Avulso 38. Rio 
de Janeiro, 1939. 

Beneficiamento da Apatita em Ipanema, Estado de Sao Paulo. J. B. 
pE ArAujo. Pp. 19; two flow sheets. Serv. de Fom. da Prod. Min., 
Avulso 39. Rio de Janeiro, 1939. 


The Mineral Deposits of the Murchison Range, East of Leydsdorp. 
O. R. van ErEpeEn, F. C. Partrince, L. E. Kent, anp J. W. BRANDT. 
Pp. 172; pls. 10; figs. 13; geologic map in color, 32” X 25”, scale 
1: 100,000. South Africa Geol. Surv., Mem. 36. Pretoria, 1939. 
Price, 7s, 6d. Detailed and interesting tectonics and igneous geology, 
complex antimony-gold-copper ores, and pegmatite deposits. 
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Report upon the Mining Industry of Malaya. L. L. Fermor. Pp. 
240; figs. 7; two maps in color, geographic 16” X 22”, scale 1” = 18 
miles, geologic 24” X 33”, scale 1”== 12 miles. Federated Malay States 
Gov't Press, Kuala Lumpur, 1939. Price, $2.50 or 6s. A comprehen- 
sive treatise that should be one’s first reference on the Malay. Covers 
general geology, economic development of the country, mining methods, 
regulations and laws, relations of mining to other industries, the mines 
department and the geological survey, prospecting, mine finance, tin 
ores, other minerals, power, government policy with respect to mineral 
exploitation, etc., etc., together with recommendations. 

Gmelins Handbuch der anorganischen Chemie—Platin. E. Pretscu 
ET AL. System Nr. 68. Teil A, Lieferung 2; Vorkommen (Absch- 
luss); Pp. 170; 1 fig. Price, RM 19.50. Teil B, Lieferung 2; Physi- 
calische Eigenschaften des Metalls (bis elektrische Eigenschaften) ; 
Pp. 110. Price, RM 12.75. Teil B, Lieferung 3; Elektrochemisches 
Verhalten des Metalls (Uberspannungserscheinungen); Pp. 84; figs. 
47. Price, RM 10.50. Verlag Chemie, G.m.b.H., Berlin, 1939. 
Treats the subject of platinum with typically Germanic detail and ex- 
haustive thoroughness. 

El Mineral de Plomo (Galena) de Poscaya (Salta)—Informaciéon 
sumaria de Geologia Econdémica. L. R. CataLano. Pp. 46; 68 
photographs. Inst. de Fisiografia y Geol., V. Rosario, Argentina, 
1939. 

Geologic Map and Guide of Oahu, Hawaii. H. T. Stearns. Pp. 83; 
pls. 6; figs. 22; geologic map in color, 44” X 33”, scale 1: 62,500. 
Hawaii Div. of Hydrography, Bull. 2. Honolulu, 1939. Guide to the 
geology along the main highways, together with a chapter on the min- 
eral resources. Outstanding for its unique and exceptionally fine pen 
and ink diagrams and for the excellence of its photographs. 

The Geology and Mineral Deposits of the Oliphants Hoek Area, Cane 
Province. F. C. Truter, B. WasserstErn, P. R. Bota, D. J. L. 
Visser, L. G. BoarpMan, AnD G. L. Paver. Pp. 142; pls. 13; figs. 
17; tables 6; three geologic maps in color, main geologic map 32” X 20”, 
scale 1:125,000, geologic map of the iron and manganese occurrences, 
13” X 18”, scale 1: 59,500, geologic map of the Farm Bishop, 8%” X 
13%”, scale 1: 7438. South Africa Geol. Surv., An Explanation of 
Sheet No. 173, Oliphants Hoek. Pretoria, 1938. Price, 5s. Transvaal 
and Waterberg systems, Karroo dolerites, kimberlites, crocidolite de- 
posits, tron and manganese deposits and others, and ground water. 


Codigo de Minas (Decreto No. 24.642 de 10 de Julho de 1934) Leis e 
Regulamentos Subsequentes. Pp. 105. Serv. de Fom. da Prod. Min., 
Avulso 34. Rio de Janeiro, 1938. Brazilian Mining Law. 


Mississippi Geol. Surv., 17th Biennial Report. W. C. Morse. Pp. 14. 
University, 1939. Report of progress, administrative. 

Geology of the Kaitangata-Green Island Subdivision, Eastern and 
Central Otago Divisions. M. Onciry. Pp. 96; pls. 5; figs. 7; 
tables 11; 1 index map; 9 geologic maps in color, scale 1: 63,360, cov- 
ering about 1000 square miles southwest of Dunedin. New Zealand 
Geol. Surv., Bull. 38. Wellington, 1939. Price, tos, 6d. General 
description, including geology and physiography, of a region of scdi- 
ments including coal, clay, and sand deposits. 











SCIENTIFIC NOTES AND NEWS 





E. L. DEGoLyYER gave the dedication address at the opening on March 
15 of Berthoud Hall, the new geology-geophysics building at the Colorado 
School of Mines. 

GILBert WILSON has recently been appointed to the department of geol- 
ogy of the British Imperial College of Science and Technology. 

A. I. Levorsen, consulting petroleum geologist of Tulsa, Oklahoma, 
delivered three lectures on petroleum geology at the Univ. of Chicago and 
Northwestern University in March. 

G. S. Hug, of the Canadian Geological Survey, delivered three lectures 
on Canadian and world problems in petroleum at Queen’s University, 
Kingston, during March. 

R. A. PELLETIER has been elected President of the Geological Society 
of South Africa. The Society has awarded its Draper Memorial Medal 
to H. S. Harcer. 

THE PENNSYLVANIA GEOLOGISTS 1940 ANNUAL CONFERENCE will be 
held May 30 to June 2 with registration at the Cochrane House, Newton, 
N. J. May 30, 8.30 A.M. leave’ for Culvers Gap, McAfee Quarry and via 
Franklin and Stockholm to Newfoundland. May 31 leave for Franklin 
zinc deposits, Dover magnetite mines, ending at New Brunswick (also 
possible alternate trip). June 1, coastal plain geology and to Cliffwood 
for lunch. 

E. N. PENNEBAKER, geologist for Cons. Coppermines Corp., is in Cuba 
on professional work. 

{. Rres lectured on Engineering Geology Features on the West Coast 
to the department of geology at the Univ. of Toronto on March 14. 

O. A. LAMPE and ALFRED WANDKE who have been with Guanajuato 
Cons. Min. and Milling Co. for many years are developing the “ Compajiia 
Minera de Guadalupe of South America.” 

M. D. Garretty has been appointed chief geologist for North Broken 
Hill, Ltd., New South Wales. 

SipNeEY PAIGE is in the Canal Zone as consultant on geologic problems 
connected with the third lock system. He will return to New York late 
in May. 

A. K. SNELGROVE, instructor in geology at Princeton, has been appointed 
head of the department of geology and mineralogy at Michigan College 
of Mining and Technology. 

W. H. Bran ey, of the U. S. Geological Survey, was presented at the 
297th meeting on March 21 of the Washington Academy of Sciences the 
award for scientific achievement in the physical sciences in recognition of 
his contributions on the oil shale of the Green River formation of Wyo- 
ming. 

J. B. Gowan, Jr., geologist for Anaconda Copper Mining Co., has re- 
turned from Poland to the Butte office. 

J. B. HAN Ey has been appointed assistant state geologist of Arkansas. 

FREDERICK SiIMoNDs, professor of geology at the Univ. of Texas for 
half a century, was recently honored by an anniversary banquet tendered 
by the geological staff and friends. 
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Patrons of this journal are requested to refer to 


Economic GEOLOGY when consulting advertisers. 
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A Complete Plant Under One Roof 


PRINTING ~ BINDING ~ ELECTROTYPING 
| Printers of 
| Scientific and Technical Journals and Books | 
Theses and Dissertations | 
Works in Foreign Languages 

Your Book, fournal or Thesis placed with us insures 

that the composition, proof-reading, electrotyping, 

presswork and binding follow through in consecutive 
order in one plant—established sixty-three years ago— 
and under the supervision of one management. : : : 


LANCASTER PRESS, Inc. 


Established 1877 LANCASTER, PA. 
| Printers of Economic Geology| 














Minerals and Rock Specimens 


Large variety of MINERALS by weight for class work and for laboratory purposes, Freight 


paid on all shipments valued at $25 and over. 


R. M. WILKE, Box 312 PALO ALTO, CALIF. 
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ABOVE: The Felker Di-Met Machine permits obtaining chips 
from contact sections from the most favorable positions with- 
out damaging the specimen. 
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FELKER DI-MET MACHINE 
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Petrographic work is prepared easier, 
quicker and more accurately with the Felker 
Di-Met Machine equipped with the 
Felker Di-Met diamond-impregnated 
blade. Saw cuts from rocks are ob- 
tained without the use of clamps or 
special mountings. The Felker Di- 
Met Machine is simple and safe to 
operate and is unusually clean in 
operation. Write for Bulletin P1-39. 


MUSTO-KEENAN CO. — 


Sales Division - 1801 So. Soto St., Los Angeles, Calif. 
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iv ECONOMIC GEOLOGY 


AMONG ARTICLES TO APPEAR IN FORTHCOMING 
ISSUES OF THIS JOURNAL ARE THE FOLLOWING: 


Aikenite and Silver Enrichment at the St. Louis Mine, Idaho—A. |. 
ANDERSON 


Ore Deposits at Camp Albion, Colorado—E. E. \WAHLSTROM 

Minor Elements in Sphalerite—R. E. SToIBER 

Mineral Survey in Arkansas—G. C. BRANNER 

Microscopic Features of Ore from Sunshine Mine—R. J. ANDERSON 


Geologic Interpretations from the Pailiviri Section of Cerro Rico de Potosi 
D. L. EvANs 


Paragenesis in the Hollinger Veins—M. R. Krys 
Magnetite in Sulphide Ores—G. M. ScHwartz and A. C. RONBECK 


Ground Water in the Oklahoma Panhandle—S. L. Scuorr 





NE W 
Ward’s Collection 


of American Rocks 


This new collection consists of 100 se- 
lected, typical hand specimens including 
46 igneous, 32 sedimentary, 22 metamor- 
phic rocks; a complete descriptive man- 
ual; and, when desired, 100 expertly 
prepared thin sections. The set is de- 
signed to cover a year’s class work in 
petrology. We invite correspondence 
concerning this carefully worked out col- 
lection and will gladly supply additional 
information. The collection is prepared 
and priced in a variety of ways; one of 
the most suitable is our WPR-1, 100 
rocks neatly trimmed to standard museum 
size, 3’’x 4”. Supplied w ith printed labels, Ward’s Improved Specimen Trays and De- 
scriptive Manual. Per set .. . $60.00 

WPRs-3, 100 thin sections ‘a above rocks on 26 x 47 mm. Slides in wooden boxes. 
Per set . . . $100.00. 
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GEOLOGISCHES ZENTRALBLATT 
ABTEILUNG A: GEOLOGY 
GEOLOGISCHES ZENTRALBLATT appears on the first and fifteexth of each 
month in parts containing 4-5 signatures. Nine partsconstituteavolume. Fifty- 
six volumes (1901-1936) have been published. 
ABTEILUNG B: PALEONTOLOGY 
PALAEONTOLOGISCHES ZENTRALBLATT appears in a single part of 4—5 sig- 
natures each month. Eight parts constitute a volume. 
The price per volume of the Geologischen Zentralblatt (Abt. A) is 48 Rm. 
The price per volume of the Palaeontologisches Zentralblatt (Abt. B) is 48 Rm.;seven 
volumes have appeared. 


Address: Gebruder Borntraeger, Berlin, W. 35., Germany 
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LABORATORY FOR ROCK ANALYSES 


Chemical analyses of rocks and rock minerals made with the accuracy re- 
quired for research work in petrography: for students, geologists, and surveys. 
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FRANK F. GROUT, in charge 


GEOLOGY DEPARTMENT, UNIVERSITY OF MINNESOTA 
MINNEAPOLIS, MINNESOTA 
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RECENT MARINE SEDIMENTS 


A SYMPOSIUM OF 34 PAPERS BY 31 AUTHORS 
| EDITED BY 
PARKER D. TRASK 
U. S. GEOLOGICAL SURVEY, WASHINGTON, D. C. 
PREPARED UNDER THE DIRECTION OF A SUBCOMMITTEE OF THE COMMITTEE ON 
SEDIMENTATION OF THE DIVISION OF GEOLOGY AND GEOGRAPHY OF 
THE NATIONAL RESEARCH COUNCIL, WASHINGTON, D. C. 

This book is on the topic of Sedimentation and Environment of Deposition recently voted No. 1 in 

geological research of most importance to the progress of petroleum geology—in a poll of the 3,000 A.A.P.G. 


members and associates, conducted by the Research Committee. Throughout the book, the basic data—observa- 
tional facts—are emphasized rather than speculative inferences. 


@ 736 pages; 139 figures 
@ Bibliographies of 1,000 titles; 72 pages of author, citation, and subject index 
@ Bound in blue cloth; gold stamped; paper jacket; 6x 9 inches 


PRICE: $5.00, POSTPAID 
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LIBRARIES, AND COLLEGES) - 
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NEW BOOK LIST 


The books in the following list are all recent publications. Address Economic GEoLoGy, Urbana, II. 
Books not in this list (except the publications of official Surveys and those of the Geological Society of America) 
will be furnished at Publishers’ prices. THE PRICES OF ENGLISH BOOKS ARE QUOTED WITHOUT DUTY. THE 
PRICES OF ALL FOREIGN BOOKS VARY WITH THE EXCHANGE. 


Ore Deposits of Magmatic Origin. By P. NiGGLI. 
Field Geology. 3d Ed. By F. H. LAHEE 
German-English Geological Terminology. By W.R. Jones and A. Cissarz. Pp. xv + 250. Cloth. 
A Bu og Sa Vocabulary in Geology and Physical Geography. By G.M.Daviss. Pp. ix + 140. 
loth 
Treatise *, eo 2d Ed. Rewritten. 
ot. 
Metamorphism. By A. HARKER. Pp.ix + 260. Figs. 185. 
Mineral Deposits. "th revised Ed. By W. LinDGREN 
The Determination of the Feldspars in Thin Section. By K. CHuposa. 
Pp. 75. Figs. 50. Cloth, 8vo. 
Die is hatze ord Staates Minas Geraes, Brasilien. 
73 12. Paper 
ax ew pice Geologie und Lagerstittenkunde Chiles. By J. BRUGGEN. Pp. viii + 362. 


4 
7 Strate of 1 Raw Materials. By ze a. Pp. 202. Maps, etc., 29 
‘or P: 3d Ed. M. W. VON BERNEWITZ. Pp. 372. Illus. 105. Cloth,5x74 
hans 5g and Operating Small Gold Piacers. 2nd Ed. By W.F. Borricke. Pp. 144. Illus. 30. 
10 x7 

The Basicae of | SPREE Ecuador. By G. SHEPPARD. Pp. xi + 275. Illus. 195. 
Gold Deposits of the World. By W.H. Emmons. Pp. 552. Illus. Cloth, 6x9 
Elements of Optical Mineralogy. Pt. I. Principles and Methods. sth Ed. By A. N. WINCHELL. 

Pp. 263. Illus. 305. Cloth,6x9 
Ground Water. By C.F. TOLMAN. Pp. 576. Illus, Cloth, 6x9 
Geological Nomenclature. Edited by L. RutTEN. Pp. viii + 339. Illus. 58. Cloth, 8x11 
Ss cle of Weathering. By B.B.Potynov. Trans.byA.Muir. Pp.xii +220. Cloth, 54 

andering Continents. By A.L. Du Toit. Pp. 364. Illus. 48. Cloth, 8vo. 
Principles of Structural Geology. 2d Ed. By C. M.NEvin. Pp. 348. Figs. 163. Cloth, 6x9.... 
Economic Geology. 7th Ed. By H. Ries. Pp. 720. Figs. 378. Cloth, 6x9 
Earth Lore. By S.J. SHAND. Pp. viii + 144. igs. 33. Cloth,54%x7% 
The Science of Petroleum. By 300 authorities. yf 
Scientific Illustration. By J. L. Ripcway. Pp. 210. Illus. Cloth, 7x 10 
yE Geology. 2d Ed. By W.A. Tarr. Pp. 645. IIlus. Cloth,6x9 

The Origin of Life. By A. I. Oparin. Trans. by S. Morcuuis. Pp. 270. Cloth 
os “y! ie Periodicity of Earthquakes. By Cuas. Davison. Pp. ix + 108. 
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x6 
Outlines of re append 
oth, 6x9 
Practical On Geology. sth Ed. By D. Hacer. Pp. 455. Illus. Cloth,6x9 
a . es = gr and Processes. 2nd Ed. By Emmons, THIEL, STAUFFER and ALLISON. Pp. 447. 
lus. Cloth, 6x9 
A _—- Petrography of the Igneous Rocks. Vol. IV. The Feldspathoid Rocks, etc. 
A. JOHANNSEN. Pp. 524. Cloth, 654 x 934 
The Examination of Fragmental Rocks. Revised Ed. Ke! F. G. TIcKELL. 
loth, 10x 
Fundamentals of the Petroleum Industry. By D. Hacer.‘ Pp. 435. Illus. 
This Earth of Ours. By V.T. ALLEN. Pp. 364. Illus. 250. Cloth, 54x 
Our Amazing Earth. By C.L.FrEnton. Pp. 346. Illus. 126. Cloth, 6 
Applied a By A.S. Eveand D.A. Keys. 3rdEd. Pp.x +315. Figs.& Pl. Cloth, 8vo. 
Vanishing Lands. By R. O. WuyTeE and G. V. Jacks. Pp. 321. Illus. Cloth,6%xo9 
Geology and Allied Sciences. A thesaurus and coordination of terms. Pt.I. German-English. Pp. 
400. Cloth, 55% x 8% 
co. By A. K. Lopecx. Pp. 720. Illus. Cloth, 6x9 
Geology mgineering. By Rost. F.LEGcET. Pp. 642. Illus. Cloth, 6x9 
tere in Production Engineering. Oil Field Exploitation. 2nd Ed. By L. C. UREN 
Die igen tel der anon By F. W. Barto, C. W. Correns and P. Esxkoia. Pp. 400 +. 
us. 200. 
eis HO and Other Earth Movements. 
lus 
Mine Examination and Valuation. 2nd Ed. By C. H. Baxter and R. D. 
Internal Constitution of the Earth. Edited by B. GUTENBERG. Pp. “m 
Geology of China. By J.S. LEE. Pp. xvi +528. ImMus.93. Cloth, 8 
Geology of — Africa. 2nd Ed. By ALtex L. DuTort. Pp. 556. o 41. 


Cloth, 8 

Strategic ‘Minerai Supplies. By G. A. Rouscu. Pp. 43, 
Applied Geophysics. 3rd Ed. By A.S. Eveand D.A 
Recent Marine Sediments. Edited by P. D. Trask. Pp. ching Figs. 139. Cloth, 6x9 
The Principles of Sedimentation. By W.H.TWENHOFEL. Pp. 593. _ Illus. Cloth, 6x9 
Elements of Geology. 2nd Ed. By W. J. Mitter. Pp. viii +524. Figs. 367. 
‘extbook of Geology. 2nd Ed. By. LONGWELL, KNopF and FLINT. Pp. 540. 
Textbook of Geomorphology. By G. WorRcESTER. 
Physiography of Eastern United States. 
Die Cites Boliviens. By F. AHLFELD ‘and jJ.M 

‘ot 





Figs. 340. 


Petrography of the Igneous Rocks. Vol. I, Revised. By A. JOHANNSEN. Pp. xxiv + 
145. Cloth, 65% x 934 
und Vulkanismus. By H. BECKER. Pp. viii + 220. Figs.129. Cloth,6%x90% 
the Gods. By A. HEmm ~ A. GANSSER. Pp. 233. Pl. 220. i 
- Vol. 47,1938. By G. A. Rauscu. Pp. 783. Cloth, 6x9 
of Economic Geology. 2nd Ed. ‘By W.H. Emmons. Pp. 518. Illus. 650. Cloth, 6x09. 


and Field Geology. By Jas.GEIKIE. sthEd. Revised by R. CAMPBELL and R. M. ‘Craic. 
305. Pl.69. Figs. 147. Cloth,6x9 























